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ABSTRACT 
Mid-infrared (mid-IR) light is an electromagnetic radiation with the wavelengths of 3 – 
30 m. This spectral range includes the dominant wavelengths of the thermal radiation emitted 
by objects at or near room temperature, and vibrational and rotational resonance frequencies of 
many molecules. The detection and generation of mid-IR light, thus, have been extensively 
studied for the applications in thermal and chemical sensing. However, the mid-IR light 
detection with a high resolution at room temperature has been a difficult task, since the thermal 
noise is significant in the traditional detection methods. In addition, there have been few mid-IR 
light sources available for microscopic and rapid experiments. 
 This study presents the development of microcantilever mid-IR detectors and sources. 
First, this research investigates the dynamic thermomechanical response of bimaterial cantilevers 
to periodic heating by an IR laser. A model relates incident IR radiation, heat transfer, 
temperature distribution in the cantilever, and thermal expansion mismatch to find the cantilever 
displacement. Silicon nitride-aluminum bimaterial cantilevers are designed, fabricated, and 
tested for validating the developed model. The custom-fabricated cantilevers show 9X or 190X 
improvements in IR detection sensitivity compared to commercial cantilevers. 
 To improve the sensitivity of silicon based bimaterial cantilever IR detectors, this 
research introduces the integration of black silicon nanocone arrays into commercially available 
silicon-aluminum cantilevers. The black silicon consists of nanometer-scale silicon cones. 
Compared to a cantilever with smooth single crystal silicon, the cantilever with black silicon has 
about 2X increased responsivity at the wavelengths of 5 – 9 m. Developed model also provides 
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further insights into the influence of the nanocone height on the IR absorbance and responsivity 
of the cantilever. 
 Next, this study introduces the integration of one-dimensional high-contrast grating into 
silicon-aluminum bimaterial cantilevers which enhances the amplitude and bandwidth of the IR 
absorbance as well as the responsivity. With the integrated grating, the silicon layer acts as a 
grating coupler and waveguide, while the aluminum layer acts as an IR absorber. At the 
wavelengths of 3 – 11 m, the cantilevers with high-contrast grating show about 2X larger 
bandwidth for the IR absorbance > 0.2 and an order of magnitude larger responsivity as 
compared to a commercial silicon-aluminum cantilever. 
 Bimaterial cantilever with a sharp tip can perform standard atomic force microscope 
(AFM) imaging and also detect IR light. This study reports nanotopography and IR 
microspectroscopy measurements performed using a bimaterial cantilever in the same AFM 
system.  This system uses micrometer scale engineered skin and three-dimensional cell culture 
samples for the demonstration. 
 Finally, this research investigates the IR emission of two silicon cantilevers with 
integrated solid-state heaters over the 2500 – 3000 cm-1 spectral range. A model calculates the 
spectral power emitted by the cantilever based on the Planck function, dielectric function of the 
doped silicon at elevated temperatures, and cantilever spectral emissivity. Measurements of the 
cantilever spectral power compare well with predictions. The cantilevers provide radiative 
powers on the order of 1 – 100 µW at the temperature near 1000 K. 
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Chapter 1               
INTRODUCTION 
1.1 Uncooled Infrared Detectors 
Mid-IR spectral range (wavelengths of 3 – 30 m) is of great importance, since this spectral 
region includes the dominant wavelengths of thermal radiation of objects at or near room 
temperature, as well as the vibrational and rotational resonance frequencies of many molecular 
species [1, 2]. Hence, people have developed mid-IR detectors for a wide variety of commercial, 
industrial, scientific and military applications [1-7]. Few representative applications of mid-IR 
detection include night vision, thermography, monitoring of earth environment, and IR 
spectroscopy [1-7]. 
There are two main categories for the IR detectors: photoconductive type and thermal type [8]. 
The photoconductive IR detectors are based on photoconductive effect, where absorbed photons 
produce measurable electric current. In the thermal IR detectors, absorbed photons increase the 
detector temperature, and generate measurable signals such as change in electrical resistance, 
pyroelectric current, or thermomechanical deformation. In general, the photoconductive IR 
detectors provide faster and larger signal to noise with better resolution than the thermal IR 
detectors [2, 5-8]. However, unlike the thermal IR detectors, the photoconductive IR detectors 
require cryogenic cooling for noise reduction and are active over relatively narrow spectral 
regions [2, 5-8]. Thus, in many cases, the thermal IR detectors cost lower, take smaller volume, 
and cover wider spectral range than the photoconductive IR detectors [2, 5-8]. Due to these 
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advantages, a lot of efforts are made to upgrade the response time and sensitivity of the thermal 
IR detectors so that they can substitute for the photoconductive IR detectors in many applications. 
Over the last three decades, the uncooled IR detectors, namely the thermal IR detectors, have 
been developed based on the development of the microfabrication technique [2, 5-7]. The 
development of microfabrication technique enabled the miniaturization and mass production of 
the uncooled IR detectors. The miniaturization of the uncooled detectors contributed to the 
improvement not only in the detector portability but also in the detector sensitivity by reducing 
the detector heat capacities. The mass production resulted in the decrease of the detector cost. 
For example, recently, the prices for some uncooled IR sensing systems decreased from more 
than $10,000 down to near $6,000, leading to the growth of commercial demand [9]. 
Among the several types of uncooled IR detectors, the most prevalent type is microbolometer 
[2, 6]. In microbolometer, thin and thermally isolated membrane absorbs IR light, which causes 
the temperature rise and the change of electrical resistance in the absorber membrane. In the last 
decade, the focal plane arrays (FPA) of the microbolometers had great improvement such that 
the temperature resolution reached 30 mK and the frame rate became 30 – 60 Hz. Another 
popular scheme for uncooled IR detection is to use pyroelectric thin films [2, 5]. In pyroelectric 
IR detectors, thermally isolated pyroelectric thin film is subject to periodic IR heating, and 
produces an electric current as a response to its temperature fluctuation. A reticulated 
pyroelectric wafer bonded to a charge-coupled device (CCD) readout wafer can function as IR 
imager and thus far has exhibited the temperature sensitivity of 75 – 100 mK and the frame rate 
of 25 Hz. However, existing IR detection techniques still have limitations which prevent the 
widespread use and the uses in high-end applications. The thermal time constant of the 
microbolometers or the pyroelectric detectors are on the order of 10 – 100 ms such that the 
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response time is far longer than the response time of the photoconductive detectors (micro- or 
nanoseconds) [2, 5-8]. In addition, the sensitivity of the uncooled IR detectors is one or two 
orders of magnitude worse than the photoconductive detectors [2]. Last, the fabrication of the 
uncooled IR detectors is still difficult and costs much [2, 5, 6, 9]. For example, the deposition of 
thin film (< 1 m) pyroelectric material is a high-temperature and expensive process and is 
usually problematic due to short circuits [10]. Therefore, people still seek alternative methods of 
uncooled IR detection which require low manufacturing cost and can provide sufficiently fast 
response time and high sensitivity. 
1.2 Bimaterial Microcantilever Infrared Detectors 
The use of bimaterial cantilevers for IR radiation detection was proposed by Barnes [11, 12], 
and has since been extensively explored [13-20]. Bimaterial cantilevers can measure temperature 
with a resolution near 4 K [21] and can also serve as heat flow detectors [12, 22-24], measuring 
heat flow as small as 50 fW at room temperature [25]. Bimaterial cantilevers FPA can measure 
thermal IR radiation with a temperature sensitivity of 50 mK [13]. Thermal time constant of a 
bimaterial cantilever has been reported as small as few 100 s [25]. Due to its large 
thermomechanical sensitivity, fast response time, and compatibility with standard 
microfabrication, the bimaterial cantilever is considered as one of the attractive alternatives to 
the existing uncooled IR detectors [2, 7].  
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1.2.1 IR Radiation Detection Mechanism 
Figure 1.1 shows the IR detection scheme using a bimaterial cantilever. The basic principle 
has been for a bimaterial cantilever to absorb incident radiation, and to bend when its 
temperature increases due to the thermal expansion mismatch of the two layers [12, 16, 17]. 
When a single bimaterial cantilever is used to measure IR radiation, an optical readout system 
which is common in atomic force microscope (AFM) [26] measures the cantilever bending 
because of its sub-angstrom displacement measurement accuracy [12, 27, 28]. The optical 
readout consists of a laser and a 4-cell (or 2-cell) photodiode, where the laser beam reflects off 
the cantilever onto the photodiode. The angle of reflection changes with the cantilever bending, 
and causes the relative shift of the laser spot on the detector. The photodetector produces an 
output signal based on the difference of the photocurrent amplitudes generated by the cells.  
 
Figure 1.1 Schematic of a bimaterial cantilever with optical tip displacement readout (not 
drawn in scale). When IR radiation is incident on a bimaterial cantilever, absorbed IR power 
induces the temperature rise, leading to cantilever bending due to the thermal expansion 
mismatch of the layers 1 and 2. The cantilever displacement changes the angle of reflection of 
the incident laser, and thus shifts the laser spot position within a 4-cell photodetector. The 4-
cell photodetector produces an electrical signal which is related to the difference of the 
photocurrent amplitudes generated from the cells.  
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To enhance the signal to noise of the cantilever displacement measurement, people use lock-in 
detection together with the optical readout [12]. Figure 1.2a shows a schematic of an 
experimental setup for the lock-in detection. An optical chopper modulates the intensity of the 
light emitted from an IR source at a frequency. The periodic IR heating causes the cantilever 
oscillation at frequency, resulting in the oscillation of the optical readout signal at the same 
frequency. The lock-in amplifier records the cantilever tip displacement at the cantilever driving 
frequency. Typically, the cantilever driving frequency is selected to maximize the signal to noise 
of the measurement [16, 18].  
Figure 1.2b shows the cantilever tip displacement in frequency domain when a periodic IR 
radiation illuminates a bimaterial cantilever. Cantilever tip displacement in frequency domain 
has peaks at the cantilever driving frequency and resonance frequency on top of a noise floor. 
The noise floor arises mostly from the cantilever thermomechanical noise and an electronic noise 
 
Figure 1.2 Lock-in detection of bimaterial cantilever response to periodic IR heating. (a) 
Schematic of an experimental setup (not drawn in scale). (b) Cantilever tip displacement in 
frequency domain showing cantilever response to periodic IR heating, thermal noise at 
resonance frequency. 
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in the optical readout system [14, 28]. The noise floor decreases, as the frequency increases [14]. 
However, the thermomechanical response of the cantilever also becomes smaller at higher 
frequency when the heating frequency is larger than the inverse of a cantilever thermal time 
constant. Therefore, there exists an optimum driving frequency for each bimaterial cantilever, 
which is typically located between 0.1 – 1 kHz [16, 18].  
 
1.2.2 Cantilever Design 
Figure 1.3 show scanning electron microscope (SEM) images of several bimaterial cantilevers. 
Figure 1.3a shows bimaterial cantilevers with rectangle and V shapes which are common in 
commercially available cantilevers. In general, people use the commercially available cantilevers 
for AFM scanning or other scanning probe microscopy techniques. However, these cantilevers 
can also measure IR radiation, since they usually consist of a dielectric structural layer and a 
metal coating on one side. Thus, many research groups have used commercially available 
cantilever for convenience in their studies [15, 16, 18, 20, 24]. Figure 1.3b shows bimaterial 
 
Figure 1.3 SEM images of bimaterial cantilevers. (a) Commercially available bimaterial 
cantilevers with rectangle and V shapes (Bruker, MLCT-O10). (b) Custom-fabricated FPA of 
bimaterial cantilevers (Oak Ridge National Laboratory, USA). 
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cantilevers FPA fabricated for IR imaging [29, 30]. For IR imaging, it is necessary to use 
bimaterial cantilever FPA with a pixel size as small as possible to achieve high resolution [14].  
 The goal of bimaterial cantilever design is to maximize signal to noise to IR heating 
while ensuring the compatibility with both microfabrication technique and the cantilever 
deflection readout [14, 16, 17]. The deflection of a bimaterial cantilevers upon temperature 
change is given by a differential equation derived from Euler-Bernoulli beam theory [12, 31, 32]. 
2
1 2
1 2 02 2
2
6( ) [ ( ) ]
t td z
T x T
dx t K
 
 
   
       (1.1) 
where  
2 3
1 1 1 1 2 2
2 2 2 2 1 1
4 6 4
t t E t E t
K
t t E t E t
       
           
       
, 
z(x) is the vertical deflection, T(x) – T0 is the temperature difference between the cantilever and 
the ambient temperature at a location x along its length, α is the thermal expansion coefficient, E 
is Young’s modulus, and t is the cantilever layer thickness. Subscript 1 indicates coating layer 
and subscript 2 indicates structural material. Equation 1.1 provides several rules to obtain large 
cantilever deflection: 1) the thermal expansion coefficients of the two layers should be large [17], 
2) the mechanical compliance of the cantilever should be small, 3) there is an optimum ratio of 
coating thickness to substrate thickness for maximizing the stress due to thermal expansion 
mismatch [17], and 4) the temperature rise should be large.  
 The noise inherent to the cantilever poses limits on the cantilever performance which is 
independent of the deflection readout system. Thermomechanical noise is the most representative 
inherent noise for a cantilever [14, 28]. This type of noise exists in any cantilever, since the 
cantilever at non-zero temperature has a thermal energy kBT where kB is Boltzmann constant [28, 
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33]. The spontaneous exchange of the thermal energy and kinetic energy induces the cantilever 
oscillation, where the oscillation amplitude at an angular frequency  is given by [28] 
 
 
3
0
2
2 2 2 2 2
0 0
4 Bk TBz
Qk Q

 
   

 
   (1.2) 
where B is measurement bandwidth, Q is the quality factor of a resonance peak, k is cantilever 
spring constant, and 0 is the angular resonance frequency. For lock-in detection, the time 
constant and low pass filter slope determine the measurement bandwidth. At low frequency ( 
<< 0), the thermomechanical noise is nearly frequency-independent as below 
0
4 Bk TBz
Qk


      (1.3) 
The Eq. 1.2 and 1.3 show that small thermomechanical noise is achievable, when the cantilever 
possesses large stiffness. However, as the cantilever stiffness increases, the thermomechanical 
deflection decreases as shown above. Therefore, there exists an optimum cantilever stiffness 
which maximizes the signal to noise of the cantilever. 
 Cantilever materials are important in the cantilever design, because they determine the 
optical, thermomechanical properties of the cantilever [7, 16, 19, 29]. Typically, either silicon 
nitride or single crystal silicon is the structural material and either aluminum or gold is the 
coating material [12, 14-17, 19-22, 24, 25, 34, 35]. It is easy to integrate these materials into a 
cantilever through microfabrication process. In addition, the difference of the thermal expansion 
coefficients, , between these structural materials and the coating materials is larger than 10  
10
6
 K
-1 
. Recently, there have been efforts to use other materials to obtain large  in the 
bimaterial cantilever. For example, silicon oxide ( = 0.4  106 K-1) [29] was used as a structural 
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material and graphene ( = -6.9  106 K-1) [36] and polymeric materials ( > 50  106 K-1) [37, 
38] were used as a coating material. However, most of the materials currently used for 
fabricating cantilevers have very low IR absorbance (< 0.2) over large portion of mid-IR spectral 
region [16]. In addition, using the novel materials is still difficult in microfabrication process 
[38]. 
1.3 Miniaturized Thermal Infrared Emitters 
For some IR based technologies, such as IR spectroscopy [3], require IR sources. The most 
common type of IR source is thermal IR emitter which is, in general, low-cost, compact, simple 
to implement, and reliable. Thermal IR emitters are essentially any objects that can be heated to 
high temperature and emit measurable IR radiation. Commonly used thermal IR emitters are 
filaments and silicon carbide rods, which can reach near or above 1000 K simply by joule 
heating.  
Recently, several areas requiring the miniaturization of the thermal IR emitters have emerged, 
for instance non-dispersive infrared sensor (NDIR) [39, 40] and thermal infrared near-field 
optical spectroscopy [41]. NDIR is a small-sized IR spectroscopy instrument for detecting target 
molecular species in liquids or gases. The applications for this device include air quality 
monitoring, gas leak detection, and fire detection. The NDIR development demands miniaturized 
thermal IR emitters with the following features: 1) strong and broadband IR emission, 2) 
mechanical reliability, 3) small thermal time constant for transient operation [42, 43]. Based on 
the development of microfabrication technique, various types of micrometer scale heaters have 
been developed for NDIR [39, 42-45]. Thermal infrared near-field optical spectroscopy (TINS) 
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is a newly developed scattering scanning near-field optical microscopy (s-SNOM). TINS excites 
vibrational resonance modes or optical phonon of sample molecules with IR emission from a 
heated AFM cantilever [46-51]. The thermal near-field radiation emitted by the sample 
molecules are scattered by an AFM cantilever tip, and spectrally resolved by a FTIR 
spectrometer. However, tor the optimized operation of TINS, it is necessary to characterize and 
understand the IR emission from heated AFM cantilever. 
1.4 Work Objectives 
Although bimaterial cantilevers have exhibited extraordinary performance as a calorimeter, the 
performance as an IR detector has not been greater than other uncooled IR detectors such as 
microbolometers and pyroelectric IR detectors. This work aims to improve the performance of 
bimaterial cantilever IR detectors based on the understanding of important device characteristics, 
for example dynamic response to IR heating and IR absorbance. Furthermore, this work 
demonstrates how the IR sensitivity of the bimaterial cantilever can be used for IR 
microspectroscopy. Another objective of this dissertation is to demonstrate the use of heated 
cantilevers as miniaturized thermal IR emitters.  
  Chapter 2 investigates the dynamic response of bimaterial cantilevers to incident IR 
radiation in the frequency range from 0.01 to 30 kHz. The goals are to develop a model that 
predicts the cantilever dynamic response, and to validate the model using custom-fabricated 
cantilevers with improved performance as compared to commercial cantilevers. Chapter 3 
describes the integration of black silicon nanocone array into silicon based bimaterial cantilevers. 
The goal is to use black silicon nanocone arrays to increase the IR absorbance of the cantilever, 
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resulting in a responsivity increase. Chapter 4 presents bimaterial cantilevers based on silicon 
high contrast grating (HCG) with metallic coating. This chapter aims to enhance cantilever IR 
absorbance at target spectral region with the integration of a grating structure into a silicon based 
bimaterial cantilever. In chapter 5, the focus moves on the application of the bimaterial cantilever 
IR detector as a tool for IR microspectroscopy. This chapter explores a method for incorporating 
a monochromator with a commercial AFM for combining AFM topography with IR 
spectroscopy. Chapter 6 characterizes thermal emission from heated cantilevers based on a 
model and experiments. This chapter also shows the heated cantilever can be used as a source for 
IR spectroscopy. Lastly, chapter 7 concludes the dissertation and describes possible future 
research. 
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Chapter 2           
DYNAMIC THERMOMECHANICAL RESPONSE 
OF BIMATERIAL MICROCANTILEVERS TO 
PERIODIC HEATING BY INFRARED RADIATION 
2.1 Introduction 
The use of bimaterial microcantilevers for infrared radiation detection was proposed by 
Barnes [1, 2], and has since been extensively explored [1-7].  The general approach has been for 
a bimaterial cantilever to absorb incident radiation, and to bend when its temperature increases.  
The cantilever deformation is related to the power of the incident light as well as the optical, 
mechanical, and thermal properties of the microcantilever [1-7].  An microcantilever of size ~ 
0.01 mm
2
 can detect heat flow as small as 250 pW/√   at room temperature [7].  This compares, 
for example, to a state-of-the-art liquid-nitrogen-cooled mercury-cadmium-telluride detector 
with a detection limit of 20 pW/√    and with an active area of 16 mm2 [8].   The high 
sensitivity of the cantilever is facilitated by the thermomechanical characteristics of 
microcantilever, the optical readout system of an atomic force microscope (AFM) and the use of 
lock-in detection that is insensitive to environment noise sources [2].  Applications of this 
radiation measurement method include chemical detection [9] and cantilever actuation [10-13].  
These applications can be improved and extended through the optimized design and operation of 
the bimaterial cantilever based on the understanding of the dynamic cantilever response to 
incident infrared radiation.   
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Though bimaterial cantilever dynamics is a crucial component of sensitivity and in many 
applications, prior work has largely concentrated either on dynamic response of a cantilever with 
thin coating modeled as a homogeneous device [10-12] or on steady-state response of a 
bimaterial cantilever to continuous incident light [1-7].  Little work has been published on the 
dynamic response of cantilevers to infrared radiation when the cantilever has thick metal layers.   
However, a thick metal coating (typically larger than 25% of the substrate thickness for SiNx 
cantilever) is desirable to increase cantilever reflectivity and to enhance the cantilever 
thermomechanical sensitivity [6].  For example, to achieve the best sensitivity in air, the 
optimum ratio of coating thickness to substrate thickness for an aluminum-silicon nitride 
cantilever is 0.26 [6].  Such a cantilever cannot be modeled as homogeneous.  Additionally, 
radiation detection using a microcantilever often uses light modulation to increase the signal-to-
noise ratio [2, 7].  An understanding of the dynamic response of bimaterial cantilevers to incident 
infrared radiation would help the design and optimization of cantilevers with improved 
performance.   
In this dissertation, we measure and model the dynamic response of bimaterial cantilevers 
to incident infrared radiation.  A model accounts for the heat transfer to and within the cantilever, 
and thermal expansion mismatch bending when a bimeterial cantilever is illuminated with an 
intensity-modulated IR laser.  This model is validated with experiments employing two custom-
fabricated and two commercial bimaterial microcantilevers, and allows the optical absorptance 
and convection heat transfer coefficient of the cantilever to be fit to experimental results.  
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2.2 Experimental Methods 
Figure 2.1 shows the experimental setup.  A CO2 laser of wavelength 10.35 µm was 
focused onto the cantilever.  A visible laser was used to align the optical components.  The CO2 
laser intensity was modulated using an acousto-optic modulator, which was driven by sinusoidal 
voltage in the frequency range 0.01 - 30 kHz.  A neutral density filter was used to adjust the CO2 
laser intensity.  The 1/e
2
 beam radius was estimated at W = 2.1 mm based on the nominal 
divergence angle and initial beam diameter.  A 1 mm diameter aperture was placed 1 mm in front 
of the cantilever chip such that the laser would be incident only on the cantilever and not any 
other part of the apparatus.  Since the aperture diameter was larger than the cantilever length, the 
cantilever was assumed to be uniformly illuminated with CO2 laser.  The noise floor for each 
cantilever was measured following the same procedure described above but the CO2 laser was 
turned off.   
 
Figure 2.1 Schematic of the experimental setup.  An intensity modulated CO2 laser was 
focused on to a bimaterial cantilever mounted in a commercial AFM. 
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The experiments tested four bimaterial cantilevers:  two were custom fabricated in our group and 
two were obtained from a vendor.  
Table 2.1 lists the four cantilevers including material composition and dimensions.  
Cantilevers are rectangular with length L, width w, and thickness t.  Subscript 1 indicates the 
coating and subscript 2 indicates the substrate material.  The materials of the custom cantilevers 
were selected based on microfabrication compatibility and large thermal expansion coefficient 
difference. The dimensions were chosen to achieve large thermomechanical bending when 
heated, to ensure compatibility with the optical readout system laser, and to limit thermal 
deformation from the fabrication process.  The general design rule to obtain large 
thermomechanical bending is to use a long cantilever having an optimum ratio of coating and 
Table 2.1 Description of Cantilever Tested 
Cantilever A B C D 
Type 
Custom 
 Type 1 
Custom 
 Type 2 
MLCT- 
O10 
CSC17 
Cantilever 
Material 
 
PECVD 
  SiNx 
PECVD 
  SiNx 
LPCVD 
  SiNx 
n-type 
 Si 
Cantilever 
Thickness      
t2 (nm) 
600 630 625 1590 
 
Coating 
Material 
 
Al Al Au Al 
Coating 
Thickness 
t1 (nm) 
90 90 55 30 
 
Cantilever 
Length 
L (µm) 
426 577 201 456 
 
Cantilever 
Width 
w (µm) 
36 35.2 19 41.2 
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substrate thicknesses [3, 5, 6].  The goal is to create a large temperature rise at the cantilever tip 
by reducing thermal conductance, increase the cantilever compliance, and generate large thermal 
expansion mismatch stress.   
The custom cantilevers were fabricated as follows.  Starting with a 400 μm thick double 
side polished silicon wafer, an aluminum layer was deposited onto the wafer via sputtering, 
followed by SiNx deposited by plasma-enhanced chemical vapor (PECVD).  The wafer was 
annealed in vacuum at 400 °C to improve adhesion and relieve stresses.  After annealing, the 
SiNx layer was patterned by reactive ion etching with a mixture of CH4 and O2.  The aluminum 
was then patterned with wet aluminum etchant using the SiNx layer as an etch mask.  The 
cantilevers were released by a through-wafer etch using an inductively couple plasma-deep 
 
Figure 2.2 SEM images of (a) cantilever A and (b) cantilever D. 
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reactive ion etching Bosch process.  Figure 2.2a shows the scanning electron microscope (SEM) 
image of cantilever A fabricated by the described process.   
The commercial cantilevers were selected based on our previous work, which shows that 
these cantilevers have the largest thermally-induced bending among all commercially available 
rectangular SiNx and Si microcantilevers [5].   
The cantilever deflection was measured in our Asylum MFP-3D-BIO AFM system.  A 
lock-in amplifier recorded the AFM optical readout voltage (V) at the CO2 laser driving 
frequency and also provided a drive signal to the acousto-optic modulator.  Conventionally, V is 
calibrated to cantilever tip deflection, ztip, by the relation ztip = V  (Δztip/ΔV)contact where (Δztip/ 
ΔV)contact is the change of ztip divided by the change of V when cantilever gently touches a rigid 
surface [14, 15].  This method can be applied for a uniformly heated cantilever in air by 
modifying the calibration factor.  For small cantilever deflection, ΔV is proportional to ztip/x  
[14, 16], and so the calibration factor Δztip/ΔV is proportional to the ratio of ztip to ztip/x. 
Therefore, the calibration factor for a uniformly heated cantilever in air is 
tip tip tip tip
tip tipair contact contact air
z z z x z
V V z z x
          
                       
  (2.1) 
Here ztip/(ztip/x) for a cantilever contact on a rigid surface is 2L/3 based on Euler-Bernoulli 
beam theory [17].  According to our previous study, ztip/(ztip/x) for a uniformly heated 
cantilever is 
  2 2
2
tanh( ) sinh( ) cosh( ) 0.5 1
tanh( )
tip
tip air
z L L L L L
z x L L
    
  
     
     
 (2.2) 
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where β = [2(t1+t2+w)h/(k1t1+k2t2)w]
0.5 
[5].  The product of the last two terms in Eq. 2.1 ranges 
from 0.57 - 0.65 for the cantilevers A-D, hence (Δztip/ΔV)air differs from (Δztip/ΔV)contact by a 
factor of ~1.6.  These relations are suitable for time scale longer than the cantilever thermal time 
constant.  
2.3 Theory 
The cantilever bending is due to thermal expansion mismatch of the layers induced by 
temperature increase [12]. In this section, the cantilever bending is calculated considering heat 
transfer to and within the cantilever, and mechanical behavior of the cantilever.  
The bimaterial cantilever bending due to thermal expansion mismatch can be calculated 
based on static beam theory at low heating frequency (ω  ω0 where ω is heating frequency and 
ω0 is mechanical resonance frequency).  The cantilever deflection is  
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, 
z(x) is the vertical deflection, T(x)-T0 is the temperature difference between the cantilever and the 
ambient temperature at a location x along its length, α is the thermal expansion coefficient, and E 
is Young’s modulus [2, 6]. 
The temperature distribution in the cantilever can be solved through a heat transfer model 
based on several assumptions.  The cantilever is assumed to be illuminated with a laser beam of 
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homogeneous intensity distribution, I(t), where I(t) was estimated with measured total incident 
laser power, P(t), and the relation I(t) = 2P(t)/πW2 [18].  The Biot number based on half of the 
cantilever thickness is smaller than 10
-4
, hence the temperature is assumed to vary only along the 
cantilever length [5, 19].  The temperature of the cantilever base is assumed to be the same as the 
ambient, T0.  The convection coefficient h is assumed to be constant.  With these assumptions, 
the one-dimensional energy balance for a differential element gives 
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 (2.4) 
where A is the spectral absorptance, Acx is the cross section area, c is the specific heat capacity, 
Lp is the perimeter of the differential element of the cantilever,   = T – T0,  is the thermal 
conductivity, and  is the density.  The boundary conditions are  = 0 at x = 0 and /x = 0 at x 
= L.  The shape of P(t) is assumed as a square wave with a duty cycle of 0.66 which is based on 
the measurement of both the power over time and the time-average power.  The absorptance 
value used in the model was obtained by fitting to the experimental measurements and the fitting 
procedure will be discussed in the next section.  
 
Table 2.2 Cantilever Properties 
Material 
 
(kg m
-3
) 
E 
(GPa) 
k 
(W m
-1
 K
-1
) 
α 
(10
-6
 K
-1
) 
c 
(J kg
-1
 K
-1
) 
n 
n-type Si 2329 130    80
a
 2.6 702 3.3 + 0.009
b
 
LPCVD SiNx
c
 2400 180 6 0.8 691 1.1 + i1.0 
PECVD SiNx 2400
d
 124
e
 4.5
f
 0.8 1500
f
 1.1 + i1.0
g
 
Al 2700 70 140
h
 23.6 897 25 + i86 
Au 19300 78 82
i
 14.2 128 12 + i55 
a
Reference [26].  
b
Reference [32].  
c
Reference [33].  
d
Reference [21].  
e
Reference [22].  
f
Reference [20].  
g
Reference [23].  
h
Reference [24].  
i
Reference [25]. 
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Table 2.2 shows material properties used in the calculation.  The properties of PECVD 
SiNx are from the literature [20-23].  For the metal, thin film thermal conductivity values are 
used, because the metal thicknesses in cantilevers are less than 100 nm [24, 25].  Thermal 
conductivity and refractive index of n-type Si are for Si with phosphorous doping concentration 
of 3 1018cm-3 based on nominal electrical resistivity [26].   
The calculation is made as follows.  Employing the implicit Euler scheme, (x,t) is 
calculated with x = 5 m and t is set to one hundredth of the laser heating period [27].  A fast 
Fourier transform is performed to acquire the temperature rise in frequency space, (x,ω).  Then, 
(x,ω) is substituted into Eq. 2.3, and double integral with respect to x provides the cantilever 
bending shape in the frequency domain. The boundary conditions for z(x,ω) are z = 0 and z/x = 
0 at x = 0. 
The noise floor was also predicted based on a theoretical model [3].  The 
thermomechanical microcantilever noise was predicted to dominate all other possible noise 
sources involved in microcantilever deflection measurement with optical readout system [3, 15] 
such as temperature fluctuation noise of cantilever, Johnson noise and shot noise in the 
photodetector, since the cantilevers used in this study low stiffness (< 0.1 N/m).  
2.4 Results and Discussion 
 The cantilever dynamic response was calculated and compared with the experimental 
results, and the results were used to evaluate the performance of the cantilevers in terms of the 
relevant figures of merit which will be described. 
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Figure 2.3a shows cantilever temperature rise as a function of time at the cantilever A 
free end, (x=L, t), employing the incident radiative flux used in the experiment (2.2 nW/µm2).  
The temperature response is determined by the relative length of the heating or cooling period 
 
Figure 2.3 Predicted temperature rise for cantilever A when an intensity modulated CO2 laser 
is incident with a uniform incident flux of 2.2 nW/µm
2
.  (a) Cantilever temperature rise at the 
cantilever free end for various laser modulation frequencies.  (b) Temperature distribution in 
the cantilever amplitude at heating frequency, AC(x,ω).  The location of maximum AC(x,ω) 
is marked.  (c) Frequency-dependence of temperature amplitude AC at the cantilever free 
end.  The frequency behavior of the AC provides the thermal time constant t. 
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versus the time it takes for the cantilever free-end region to reach thermal equilibrium.  At low 
heating frequency such as 10 Hz, the free-end region can be fully heated or cooled.  However, at 
high frequency such as 1 kHz, the temperature oscillation becomes small.  Figure 2.3b illustrates 
the AC component of the temperature distribution along the cantilever, AC(x,ω) at different 
frequencies.  The thermal conductance for AC heat flow from each point of the cantilever to the 
environment is responsible for AC(x,ω).  At low frequency, AC(x,ω) is maximized at the free 
end, however, as the frequency increases, the position of the maximum AC(x,ω) approaches to 
the base.  Figure 2.3c shows AC at the cantilever free end as a function of heating frequency.  
 
Figure 2.4 Measured and predicted cantilever response for cantilevers A and B.  The noise 
floor of each cantilever is also shown.   
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Here we define the thermal time constant t as the inverse of the frequency where AC(ω) 
decreases to 70% of its maximum [28].   At the frequency  1/t, AC(ω) is nearly independent 
to frequency and maximized, while at the frequency   1/t, AC (ω) decreases with 1/ ω 
dependence.  
Figure 2.4 shows the measured and modeled tip displacement of cantilevers A and B as a 
function of frequency for three values of laser flux qi.  The amplitude increased linearly with 
qi except at mechanical resonance.  The measured cantilever thermal time constant is 5.3 msec  
for cantilever A and 6.3 msec for cantilever B.  The comparison between the measurement and 
 
Figure 2.5 Measured and predicted cantilever response for cantilevers C and D.  The noise 
floor of each cantilever is also shown.    
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model reveals two properties of cantilever: convection heat transfer coefficient and optical 
absorptance.  The convection heat transfer coefficient used in the model is chosen such that the 
frequency where zAC(L,ω) decreases to 70% of its maximum, f*=1/t, is identical in both 
calculation and measurement.  Then, the tip displacement amplitude could be matched by the 
appropriate absorptance value.  The model fit was obtained when h = 1200 W/m
2
K and 
absorptance is 0.10 for cantilever A and h = 1000 W/m
2
K and absorptance is 0.16 for cantilever 
B.  These values of h are close to those reported elsewhere for microcantilever heat transfer [19, 
29, 30].  The calculated absorptance value based on the matrix formulation [31] and refractive 
index from literature is 0.14 for cantilever A and is 0.15 for cantilever B.  Thus the modeled 
values for both convection coefficient and absorbtance are close to expected values. 
Figure 2.5 shows the shows the measured and modeled tip displacement of cantilevers C 
and D as a function of frequency for three values of laser flux qi.  The measured cantilever 
thermal time constant is 4.3 msec for cantilever C and 8.0 msec for cantilever D.  The tip 
displacement of these cantilevers is one order of magnitude lower than that of cantilevers A and 
B with similar or even with larger qi.  The lower tip displacement arises from relatively short 
length and thin metal coating of cantilevers C and D, which are the cause of low thermal 
conductance, large stiffness, and low stress due to thermal expansion mismatch as compared to 
the cantilevers A and B.  Furthermore, cantilever D is made of n-type Si which has smaller 
optical absorptance than SiNx at 10.35 μm.  However, cantilevers C and D show one order of 
magnitude lower noise floor, as these cantilevers possess larger stiffness than cantilevers A and 
B which contributes to lower thermomechanical noise [3].  The fitting procedure showed that h = 
850 W/m
2
K and absorptance is 0.11 for cantilever C and h = 500 W/m
2
K and absorptance is 
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0.033 for cantilever D.  The calculated absorptance value based on matrix formulation [31] and 
refractive index from literature is 0.15 for cantilever C and is 0.023 for cantilever D.  Again, the 
modeled values for both convection coefficient and absorbtance are close to expected values.  
The figure of merit that describes the cantilever response to incident light can be defined 
in terms of either total power or flux, and can be either sensitivity or signal to noise.  These 
cantilever performance parameters lead to four different figures of merit as follows.   
 Responsivity, R, is the quasi-static tip displacement per incident radiative power [3], 
calculated here as the average value of zAC,tip  between 10 - 30 Hz, <zAC,tip>.  This figure of 
merit characterizes both the thermomechanical and optical absorption properties of cantilever, 
since R is governed by the thermal conductance, thermal expansion coefficient difference, 
thickness ratio of the two layers, mechanical compliance, and optical absorptance of the 
cantilever.   
 Incident flux sensitivity, SIF, is defined as <zAC,tip> per incident radiative power, per 
illuminated cantilever area.  Here, SIF is R divided by cantilever area, and is relevant for 
applications that measure the incident radiative flux.   
 Noise equivalent power, NEP, of cantilever photodetector can be estimated from the 
measured noise power density divided by R [2, 3, 6].  The NEP describes the limit on 
absorbed power that could be measured by the cantilever. 
 Noise equivalent flux, NEF, is defined as the incident radiative flux that produces a signal to 
noise ratio of one.  This value is noise power density divided by SIF.  The NEF describes the 
limit on incident power that could be measured by the cantilever.   
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Table 2.3 shows the figures of merit for each of the four cantilevers measured.  Overall, 
the custom fabricated cantilevers performed better than the commercial cantilevers.  The custom-
fabricated cantilever B has the largest responsivi ty, with 9X improvement over cantilever C and 
190X improvement over cantilever D.  The sensitivities (R, SIF) are large for the long cantilever 
with large ratio of the coating thickness to the substrate thickness, since these values are based 
on the thermomechanical property of the cantilevers.  R and SIF are much different for the SiNx 
cantilever compared to the Si cantilever, since the absorption of SiNx is higher than that of Si at 
the laser wavelength.  The sensitivity normalized by cantilever area, SIF, are likely to be larger 
for long cantilever, as the longer cantilever can absorb more heat for a given laser flux.  The 
smallest NEP was achieved by cantilever C, with cantilever D having the worst NEP.  While 
cantilever C has excellent NEP, its NEF is not as good as cantilevers A and B.  Signal to noise is 
likely to be large for the cantilever with large stiffness, as thermomechanical noise of a cantilever 
is inversely proportional to the square root of stiffness [3].  Cantilever B can detect the smallest 
flux, with detection limit of 0.10 pW um
-2
 Hz
-1/2
.  We can conclude that the differences in 
Table 2.3 Microcantilever Performance Figures of Merit 
Cantilever A B C D 
 
Responsivity 
R (nm µW
-1
)  
2.6 6.4 0.69 0.034 
 
Incident Flux Sensitivity 
SIF (µm µm
2
 µW
-1
) 
40 131 2.6 0.63 
 
Noise Equivalent Power 
NEP (nW Hz
-1/2
) 
2.8 2.0 1.3 13 
 
Noise Equivalent Flux 
NEF (pW µm
-2
 Hz
-1/2
) 
 
0.18 0.10 0.33 0.69 
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cantilever performance are different on a power basis compared to a flux basis.  It is thus 
important to consider cantilever performance on a flux basis and not just in terms of total 
cantilever displacement.   
2.5 Conclusion 
We measure and model the displacement of a bimaterial microcantilever caused by periodic 
incident infrared radiation.  The model is based on the heat transfer to and within the cantilever 
and the bimaterial beam theory to calculate the thermal expansion mismatch bending at low 
heating frequency.  The research considered four cantilevers:  two custom fabricated cantilevers 
and two commercially obtained cantilevers.  Several figures of merit were considered: 
responsivity, incident flux sensivitity, noise equivalent power, and noise equivalent flux.  The 
custom fabricated cantilevers had significantly higher responsivity and flux sensitivity than the 
commercial cantilevers, and also had the best noise equivalent flux.  One commercial cantilever 
had the best noise equivalent power, although it was close to the custom cantilevers.  This 
research should help the design and characterization of cantilever IR detectors and bimaterial 
cantilever actuators. 
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Chapter 3              
BIMATERIAL MICROCANTILEVERS WITH 
BLACK SILICON NANOCONE ARRAYS 
3.1 Introduction 
Bimaterial cantilevers are sensitive thermometers that convert temperature into a 
mechanical displacement [1-6]. The thermal expansion mismatch of the two layers in the 
cantilever causes the cantilever to bend upon the temperature change. Bimaterial cantilevers can 
measure temperature with resolution near 4 K and can also serve as heat flow detectors, 
measuring heat flow as small as 4 pW at room temperature [6]. Applications of bimaterial 
cantilevers include photothermal spectroscopy [7-9], IR imaging [10-12], and heat transport 
measurements [5, 13]. 
The cantilever material is one of the key factors determining the cantilever sensitivity. 
Most publications report the cantilever material to be silicon or silicon nitride, which is paired 
with a metal layer such as aluminum or gold [1-13]. These materials are common in 
microfabrication processes, and are relatively easy to integrate into a cantilever. The metal layer 
has a large thermal expansion coefficient relative to the dielectric layer, enabling temperature-
dependent cantilever bending. When the cantilever is used as an IR sensor, the dielectric layer 
additionally serves as an IR absorber. Unfortunately, the dielectric layers in commercially 
available cantilevers typically have relatively small optical absorbance, typically in the range 
0.01 – 0.2 near 10 m [2, 4]. In general, cantilever responsivity to IR light, defined as the 
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cantilever displacement per incident IR radiative power [2, 14], is usually limited by this low 
absorbance. 
The fabrication of high aspect ratio nanometer-scale conic structures (also known as 
nanocone arrays) on a silicon surface can improve the optical absorbance of silicon in the visible 
and the IR spectral regions [15-19]. The nanocone arrays reduce the optical reflectance at the air-
silicon interface by serving as a buffer medium with gradually changing refractive index [15-19]. 
Recently, the nanocone arrays fabricated into a single crystal silicon wafer could achieve very 
high absorbance, namely above 90 % in the 300 – 1000 nm spectral region [15]. Due to its black 
appearance, the silicon with nanocone arrays is known as one type of black silicon.  This 
dissertation reports bimaterial cantilevers fabricated with black silicon nanocone arrays for use in 
the mid-IR (2 to 12 m) region and their characterization.  With the black silicon nanocone 
arrays, our goal was to increase the IR absorbance of the cantilevers, resulting in a responsivity 
increase that will enable the cantilevers as more efficient detectors for higher performance 
analytical measurements.  
3.2 Experimental Methods 
  We fabricated the black silicon nanocone arrays into the silicon surface of silicon-
aluminum bimaterial cantilevers based on a three-step O2-CHF3-Ar+Cl2 process at room 
temperature (25 
o
C) [19]. In step 1, a thin film of oxide (~ 10 nm) is formed on silicon surface by 
O2 plasma, with flow rate of 10 sccm and pressure of 40 mTorr. Step 1 takes 5 minutes. In step 2, 
O2 flow is shut down and CHF 3 is flowed in for two minutes, with a flow rate of 20 sccm and 
pressure of 40mTorr. This short-period CHF3 plasma etches the thin oxide layer into dispersed 
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nanoparticle islands instead of completely removing the oxide. In the step 3, CHF3 flow is shut 
down and a mixture of Cl2 (20 sccm) and Ar (2 sccm) is flowed in, with a pressure of 40 mTorr. 
This step is to etch the silicon by sculpturing into silicon nanocone structures with the nanomask 
of the oxide islands formed in step 2. The Cl 2 etches the silicon, while Ar boosts the etching rate 
by physical bombardment of the silicon surface. The length of nanocones is controllable by the 
etching time of step 3. Under the above settings, the etching rate is 40 nm/min. Finally, the 
remaining oxide was removed by dipping the cantilever in ammoniumfluoride-base acid (PAD 
 
Figure 3.1 (a) SEM image of a silicon-aluminum bimaterial cantilever. Nanocone arrays were 
fabricated on the top side surface of the cantilever. (b) Enlarged image of the cantilever edge 
showing the black silicon nanocones. (c) Diagram of the cantilever cross-section showing the 
layers of aluminum, silicon, and black silicon. 
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etch 4, KMG Electronic Chemicals Inc.) for 10 seconds. The fabrication of 300 nm tall nanocone 
arrays takes about 30 minutes including the time needed for the three-step O2-CHF3-Ar+Cl2 
process and other miscellaneous steps.  
The experiment tested four cantilevers: three cantilevers with nanocone arrays and a 
cantilever without nanocones. We purchased commercially available cantilevers consisting of a 
silicon and aluminum layers (Mikromasch, CSC17), and fabricated nanocone arrays into the 
silicon surface of the cantilevers. Figure 3.1a shows a scanning electron microscope (SEM) 
image of one of the cantilevers. Figure 3.1b shows the enlarged SEM image of the cantilever 
with nanocone arrays. Table 3.1 lists the average heights, H, and the average base diameters of 
nanocone arrays, d, silicon layer thicknesses under the nanocone arrays, t1, and aluminum layer 
thicknesses, t2 of the four cantilevers. The ratio of nanocone height to base diameter is close to 
3:1. Figure 3.1c shows the schematic of the lateral surface of the cantilever. Cantilevers are 
rectangular with the length, L, of 460 m and the width, w, of 50 m.  
We measured the optical properties of the cantilevers in the wavelength range 3 – 10 m 
using an FTIR imaging microspectrometer [20]. The FTIR microspectrometer system consists of 
Table 3.1 Description of cantilevers 
Cantilever A B C D 
Nanocone Height  
H (nm) 
- 104 253 336 
Nanocone Base 
Diamter 
d (nm) 
- 39 65 93 
Si Thickness 
t1 (m) 
1.61 1.26 1.23 1.15 
Al Thickness 
t2 (nm) 
16 14 13 7 
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a spectrometer (Agilent, 680-IR) coupled to an optical microscope (Agilent, 620-IR) equipped 
with a focal plane array. We obtained spectroscopic images of the cantilevers with the spectral 
resolution of 8 cm
-1
 both in transmittance and reflectance modes. To achieve a satisfactory signal 
to noise ratio, we scanned 16 times in the same area, and averaged the data. The imaging system 
had a pixel field of view of 5.65  5.65 m2 which was approximately 9-fold smaller than the 
width of the cantilevers. The influence of light diffraction at the cantilever edges was expected to 
be insignificant, because we used only the data collected within the pixels along the cantilever 
centerline [21]. To obtain spectral transmittance, we took the ratio of the transmitted intensity 
through a cantilever to the transmitted intensity through air. Similarly, to acquire spectral 
reflectance, we took the ratio of the reflected intensity from a cantilever to the reflected intensity 
from a cantilever with ~ 100 nm thick gold coating. 
 
Figure 3.2 Schematic of the measurement setup. An intensity-modulated narrow-band light 
beam was focused onto a bimaterial cantilever mounted in a commercial AFM. 
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Figure 3.2 shows the experimental setup that measured the spectral responsivity of the 
cantilevers. A resistive heating element (CoorsTek, 301 ceramic igniter) at ~1200 C emitted 
broadband infrared thermal radiation. A parabolic reflector surrounding the heating element 
collimated and directed the light into a monochromator. The monochromator with a diffraction 
grating provided tunable output between 5 – 9 m with a bandwidth of 32 – 64 cm-1. A longpass 
optical filter eliminated the monochromator output which occurred at the wavelength shorter 
than 5 m due to the multiple order diffraction. An optical chopper modulated the intensity of 
the monochromater output at 150 Hz.  At this chopping frequency, the cantilever is always in 
thermal steady state, since the chopping frequency is much smaller than the inverse of the 
cantilever thermal time constant [2, 22]. The light was collimated, brought into a commercial 
AFM system (Agilent, PicoPlus), and focused onto a cantilever. The AFM optical readout 
system measured the cantilever deflection. A lock-in amplifier recorded the AFM output at the 
optical chopper frequency. The AFM output voltage signal was calibrated to cantilever tip 
displacement based on the inverse optical-lever sensitivity (InvOLS) [2]. The experiment varied 
the monochromator wavelength and recorded the AFM output signal at each wavelength. 
We measured the optical flux at the cantilever position for normalizing cantilever tip 
displacement. First, a commercial thermopile (Ophir, 3A-SH) measured the optical power at the 
place of the cantilever. Using a knife edge, we estimated the beam diameter as 1.3 mm, which 
was larger than the length of the cantilevers. The variation of the beam diameter as a function of 
the wavelength was insignificant. 
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3.3 Theory 
The silicon-aluminum cantilever with nanocone arrays bends due to thermal expansion 
mismatch of the layers when its temperature rises [1, 2, 22]. The presence of the nanocone arrays 
affects the cantilever optical, thermal, and mechanical properties. In this section, we model the 
cantilever bending considering the spectral absorbance to IR radiation, heat transfer to and within 
the cantilever, and mechanical behavior of the cantilever. 
The deflection of a rectangular bimaterial cantilever upon temperature variation can be 
predicted by the following differential equation [1, 3]. 
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, 
z(x) is the vertical deflection, T(x) – T0 is the temperature difference between the cantilever and 
the ambient temperature at a location x along its length, α is the thermal expansion coefficient, 
and E is Young’s modulus. Subscript 1 corresponds to the aluminum coating and subscript 2 
corresponds to the silicon substrate material. 
A one-dimensional steady state heat transfer equation can solve the temperature variation 
within the cantilever as a response to the incident IR radiation with a power of Pinc. Since the 
Biot number based on half of the cantilever thickness is smaller than 10
-4
 [23], the temperature 
variation is assumed to be significant only along the cantilever length. The heat transfer from the 
cantilever to air is characterized by an effective thermal conductance, Ga = hPL where h is the 
effective heat transfer coefficient from the cantilever to air and P is cantilever perimeter [24]. We 
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obtained Ga used in the model by fitting to the experimental measurements. The incident 
radiative flux on the cantilever is assumed to be uniform over the cantilever for the simplicity of 
the model. With these assumptions and based on energy balance method, the temperature profile 
in the cantilever is 
 
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cosh
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inc
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L xA P
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   (3.2) 
where A is the cantilever spectral absorbance,  = [Ga/{L(1Acx,1+2Acx,2)}]
-0.5
,  is the thermal 
conductivity, and Acx is the cross section area. The boundary conditions are T = 0 at x = 0 and 
T/x = 0 at x = L.  
 To estimate the cantilever spectral absorbance, A, we employed the transfer matrix 
method [25] and modeled the cantilever as a multilayer structure subject to an incident plane 
electromagnetic wave at a normal angle of incidence. Since the characteristic length of the 
nanocone arrays was 10 – 100X smaller than the wavelength or incident light, we assumed the 
nanocone arrays as an effective medium with linearly changing refractive index [15-17]. To vary 
the refractive index within the effective medium in the model, the effective medium was divided 
into 100 layers where the layer at the air-nanocone interface had a refractive index of air and the 
layer at the nanocone-plain silicon interface had a refractive index of silicon. In addition to the 
layers in the effective medium, there were other layers in the model to account for the plain 
silicon and aluminum, and air. Using layer thicknesses and refractive index of the materials as 
input parameters, the transfer matrix method calculated the cantilever spectral absorbance. 
We obtained the geometric parameters and material properties as follows. SEM measured 
the height of nanocone arrays and the thickness of the silicon layer under the nanocone arrays. 
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The aluminum thickness used in the model was obtained by fitting the calculated absorbance 
spectra to the FTIR spectrometer measurement data. The model used the thermal conductivity 
(140 Wm
-1
K
-1
 [26]) and refractive index values [27] of silicon with light doping (~10
17
 cm
-3
) 
based on nominal electrical resistivity. For aluminum, we used the thermal conductivity value for 
thin film (140 Wm
-1
K
-1
 [28]), since the aluminum thicknesses in the cantilevers were much less 
than 100 nm.  
 Based on the calculated cantilever spectral absorbance and temperature distribution, the 
cantilever displacement at the free end and at a specific wavelength is
 
 
Figure 3.3 Spectral absorbance of (a) cantilever A, (b) cantilever B, (c) cantilever C, and (d) 
cantilever D at 3 - 10 m wavelength region. The solid lines show cantilever absorbance 
measured in an FTIR spectrometer. The dashed lines show predictions based on an optical 
model.  The model is based on a matrix formulation with a one-dimensional refractive index 
profile between the air and the silicon. 
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The responsivity of the cantilever at a specific wavelength is obtained simply by R = z(x = 
L)/Pinc [2, 14].  
3.4 Results and Discussion 
 We characterized the spectral absorbance and responsivity of the bimaterial cantilevers 
with fabricated nanocone arrays based on measurement and calculation. Here we discuss the 
influence of the nanocone height on the bimaterial cantilever performance.  
Figure 3.3 shows the absorbance of the cantilevers with or without nanocone arrays over 
the 3 – 10 m wavelength region and when the light is normally incident on the silicon side of 
the cantilevers. The spectra have several peaks with a low level of base absorbance (3 – 8%). 
The light entered into the cantilever reflects off at the interfaces between air, silicon, and 
aluminum and reflects multiple times across the cantilever layers [29, 30]. At appropriate 
wavelengths, the multiply-reflected light interferes constructively, forms strong intensity field 
within the cantilever layers, and results in large absorption [31, 32]. For a smooth silicon-
aluminum cantilever, the absorbance maxima occur at the wavelengths m = 4nsit2/(2m+1), where 
nsi is real part of the refractive index of silicon (~ 3.42) and m is an integer [32]. For the 
cantilevers with nanocone arrays, the absorbance maxima occur at m = 4nsi(t2+0.5H)/(2m+1), 
where H is nanocone height. Therefore, an effective optical thickness for the cantilevers with 
nanocone arrays is t2+0.5H. The amplitudes and full widths at half maximum (FWHM) of the 
peaks are also determined by the thicknesses of the cantilever layers.  
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The fabrication of nanocone arrays on cantilevers improved the cantilever absorbance 
when compared to the cantilever without nanocones. For cantilever B and C with relatively short 
nanocone arrays, the absorbance peaks increased 4 – 8 % and the base absorbance level at 9 – 10 
m wavelength region increased 0 – 30 % when compared to cantilever A. For cantilever D with 
relatively tall nanocone arrays, the absorbance peaks increased  50 % and the base absorbance 
level at 9 – 10 m wavelength region increased  30 % as compared to cantilever A. Measured 
spectra agreed well with the theoretical prediction, and verified the optical model. However, the 
fabrication of the nanocone arrays on silicon-aluminum cantilevers did not improve the 
cantilever absorbance significantly. This was because the light entering into the cantilever could 
not reflect many times across the cantilever thickness. Since the nanocone arrays reduced the 
light reflection at the air-silicon interface, the light reflected off at the silicon-aluminum interface 
could readily exit via the air-silicon interface without back reflection into the cantilever, although 
originally the air-silicon interface transmitted much intensity of light into the 
 
Figure 3.4 Measured and predicted responsivity of the cantilevers at 5 - 9 m wavelength 
region. 
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cantilever. The trade-off between the improved transmittance at the air-silicon interface and the 
reduced number of internal reflection resulted in a slight increase of observed cantilever 
absorbance. Reduced thicknesses of the aluminum layers in the cantilevers with nanocone arrays 
also contributed to the increase of the cantilever absorbance. The metal film absorbs IR light 
better if the metal film deposited on silicon is thinner which will be discussed in detail later in 
this dissertation [33]. Since the PAD etch process slightly etched the aluminum, the cantilevers 
with nanocone arrays had 13 – 56 % smaller aluminum thicknesses than cantilever A.  
Figure 3.4 shows the measured and modeled spectral responsivity of the cantilevers at 5 – 
9 m wavelength region. The spectral responsivity of the cantilevers showed similar trend to 
their absorbance spectra, because the cantilever displacement is a linear function of the cantilever 
spectral absorbance, as dictated by Eq. 3.3. The FWHM of the peaks in the cantilever 
responsivity spectra are larger than the FWHM of the peaks in the cantilever absorbance spectra, 
since the spectral resolutions for these measurements were different as described in the previous 
section. The cantilevers with nanocone arrays had ~ 30 – 100 % larger responsivity peak 
amplitudes and ~ 3 – 65 % larger base responsivity level than cantilever A. The improvement of 
the responsivity resulted from the increases of both the cantilever absorbance and the cantilever 
mechanical compliance [2]. The fabrication of the nanocone arrays in the cantilevers etched the 
silicon layer, and reduced the spring constants from ~ 0.09 N/m to ~ 0.04 N/m. We obtained 
model fit when the effective thermal conductance to air, Ga = 23 W/K for cantilever A, Ga = 60 
W/K for cantilever B, Ga = 46 W/K for cantilever C, and Ga = 23 W/K for cantilever D. 
These values of Ga are close to Ga for a silicon nitride-gold cantilever with similar dimensions 
[24]. The 
45 
 
 
Figure 3.5 Predicted spectral absorbance and responsivity of a 12.5 nm thick aluminum 
coated silicon cantilever with or without nanocone arrays. In this calculation, the cantilever is 
460 m long and 50 m wide. (a) Absorbance and (b) responsivity of the cantilever with 
varied nanocone height on top of a 1 m thick plain silicon layer. (c) Absorbance and (d) 
responsivity of the cantilever without nanocones as a function of the silicon layer thickness. 
(e) Responsivity of the cantilever with a constant absorbance of 0.1. In this calculation, the 
sum of nanocone height and plain silicon layer thickness is 1.5 µm (= t2+H). The symbols 
indicate the average values of the measured cantilever responsivity in the 5 – 9 m 
wavelength region shown in Fig. 3.4. (f) Absorbance of a 1.5 m thick plain silicon cantilever 
with varied aluminum layer thickness. 
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cantilevers with nanocone arrays had larger Ga than cantilever A, since the nanocone arrays 
increase the air-silicon interfacial area of the cantilever. 
The model investigated how the nanocone height and layer thicknesses impact the 
silicon-aluminum cantilever absorbance and responsivity. Figure 3.5a and 3.5b show the 
predicted cantilever absorbance and responsivity as the nanocone height, H, increases from 0 to 
1.5 µm. For this calculation, our model employed similar dimensions of the cantilevers used in 
this study (t1 = 12.5 nm, t2 = 1.5 m, L = 460 m, w = 50 m) and a single value of Ga = 46 
W/K. Figure 3.5a shows the cantilever absorbance spectrum as a function of the nanocone 
height. When H increases from 0.1 to 1.5 µm, the peak absorbance value decreases 52 % and the 
minimum absorbance value increases 112 %, showing that the absorbance spectrum becomes flat 
with large H. The wavelengths of absorbance peaks shift to longer wavelengths as H increases, 
since the effective silicon thickness, t2+0.5H, becomes larger. Figure 3.5b shows the cantilever 
responsivity spectrum. With varied nanocone height, the cantilever responsivity shows identical 
trend to its absorbance.  
To compare the performance of the cantilevers with or without nanocones, the model 
calculated the IR absorbance and responsivity of the cantilever without nanocones. Figure 3.5c 
and 5d show the calculated absorbance and responsivity of the cantilever without nanocones 
possessing silicon thickness, t2, varying from 1 to 1.75 µm. This silicon thickness corresponds to 
the effective silicon thickness, t2+0.5H, of the cantilever described in the previous paragraph. 
Other cantilever dimensions (t1, L, w, and Ga) are kept as in the previous paragraph. When the 
cantilever thickness is large, the cantilever without nanocones has larger absorbance peak values 
and smaller responsivity as compared to the cantilever with nanocones. In spite of large 
absorbance, the cantilever without nanocones has small responsivity, because the cantilever 
47 
 
becomes stiffer as t2 increases, while the variation of H does not affect the cantilever stiffness. 
This result indicates that the fabrication of nanocones is useful when sufficiently tall nanocones 
are integrated into a thick silicon cantilever. 
The comparison between the experimental and calculation data shows that the 
improvement of responsivity in the cantilever with nanocones arises mostly from the reduced 
cantilever stiffness. Figure 3.5e shows the responsivity values of the cantilevers which are 
obtained by averaging the spectral responsivity values shown in Fig. 3.4. Table 3.2 lists the 
average responsivity values of the cantilevers. The solid line corresponds to the predicted 
cantilever responsivity obtained with a constant absorbance value of 0.1. In this calculation, the 
cantilever has t2+H = 1.5 µm with the same t1, L, w, and Ga used in the previous paragraph. 
Although the model only considers the variation of cantilever stiffness, the prediction compares 
well with the measured values, indicating the cantilever stiffness is the dominating factor.  
The thickness of the aluminum layer also influences the cantilever IR absorbance when 
the thickness is near or less than the optical penetration depth (~ 10 nm). Figure 3.5f shows the 
calculated absorbance of a plain silicon-aluminum cantilever. The silicon layer is 1.5 m thick 
and is subject to normally incident light. As aluminum thickness decreases down to the optical 
penetration depth, the absorbance peak amplitude increases significantly. This explains our 
observation in Fig. 3.3 that the cantilevers with nanocone arrays have larger IR absorbance than 
Table 3.2 Microcantilever performance figures of merit 
Cantilever A B C D 
Responsivity  
R (pm W-1) 
40.6 43.9 49.9 67.2 
 Noise equivalent power 
NEP (nW Hz
-1/2
) 
8.8 11.6 12.9 11.6 
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the cantilever without nanocones. Although reducing aluminum thickness can increase the 
cantilever IR absorbance, it does not always improve the cantilever responsivity, because thinner 
aluminum provides smaller thermal expansion mismatch stress to the cantilever. 
We characterized the noise equivalent power, NEP, of the cantilevers, which is necessary 
for estimating the signal to noise for IR detection [2, 14]. In many applications, the IR detection 
using bimaterial cantilevers is performed in a way that intensity-modulated light heats the 
cantilevers. The light modulation frequency is typically low (<1 kHz), since at the modulation 
frequency smaller than the inverse of the thermal time constant of the cantilever the large 
cantilever thermomechanical response is obtainable [2]. At the frequency range of 38 – 153 Hz, 
the setup shown in figure 3.2 measured the noise floor of the cantilever displacement while there 
was no IR light incident on the cantilever [2, 3]. The cantilever noise displacement at this 
frequency was in the range of ~ 1 pm. Then, we obtained NEP of the cantilevers by dividing the 
cantilever noise displacement over the responsivity. Table 3.2 lists NEP of the cantilevers, where 
the NEP of the cantilever B, C, D is larger than the NEP of cantilever A. This result shows the 
trade-off between the cantilever responsivity and NEP, which has to be considered in the 
fabrication of bimaterial cantilevers with nanocone arrays. Nanocone array integration into 
silicon based bimaterial cantilevers, accomplished by a 30-min-long process, improves both 
cantilever absorbance and responsivity in spite of the cost of increased cantilever NEP. This 
technique provides an additional option in designing optimal cantilevers for IR sensing purposes. 
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3.5 Conclusion 
 This dissertation reports bimaterial cantilevers with integrated black silicon nanocone 
arrays, and investigates the thermomechanical response of these cantilevers due to incident mid-
IR radiation. The introduction of the black silicon layer nanocone arrays did not dramatically 
improve the cantilever spectral absorbance in mid-IR spectral range, it did improve improved the 
cantilever responsivity by about 2X, as compared to the cantilever without nanocones. A model 
of the cantilever optical, thermal, and mechanical response was validated by experimental 
measurements, and predicted the influence of the nanocone height on the cantilever absorbance 
and responsivity. This research should help the development of bimaterial cantilever IR detectors 
and actuators.  
50 
 
3.6 Reference 
[1] Barnes J R, Stephenson R J, Woodburn C N, Oshea S J, Welland M E, Rayment T, Gimzewski J 
K and Gerber C 1994 A femtojoule calorimeter using micromechanical sensors Review of 
Scientific Instruments 65 3793-8 
[2] Kwon B, Rosenberger M, Bhargava R, Cahill D G and King W P 2012 Dynamic 
thermomechanical response of bimaterial microcantilevers to periodic heating by infrared 
radiation Review of Scientific Instruments 83 015003-7 
[3] Lai J, Perazzo T, Shi Z and Majumdar A 1997 Optimization and performance of high-resolution 
micro-optomechanical thermal sensors Sensors and Actuators A: Physical 58 113-9 
[4] Rosenberger M R, Kwon B, Cahill D G and King W P 2012 Impact of silicon nitride thickness on 
the infrared sensitivity of silicon nitride–aluminum microcantilevers Sensors and Actuators A: 
Physical 185 17-23 
[5] Shen S, Narayanaswamy A and Chen G 2009 Surface phonon polaritons mediated energy transfer 
between nanoscale gaps Nano Letters 9 2909-13 
[6] Sadat S, Chua Y J, Lee W, Ganjeh Y, Kurabayashi K, Meyhofer E and Reddy P 2011 Room 
temperature picowatt-resolution calorimetry Applied Physics Letters 99 043106-3 
[7] Datskos P G, Sepaniak M J, Tipple C A and Lavrik N 2001 Photomechanical chemical 
microsensors Sensors and Actuators B: Chemical 76 393-402 
[8] Van Neste C W, Senesac L R, Yi D and Thundat T 2008 Standoff detection of explosive residues 
using photothermal microcantilevers Applied Physics Letters 92 
[9] Yun M, Kim S, Lee D, Jung N, Chae I, Jeon S and Thundat T 2012 Photothermal cantilever 
deflection spectroscopy of a photosensitive polymer Applied Physics Letters 100 204103-4 
[10] Grbovic D, Lavrik N V, Datskos P G, Forrai D, Nelson E, Devitt J and McIntyre B 2006 
Uncooled infrared imaging using bimaterial microcantilever arrays Applied Physics Letters 89 
073118-3 
[11] Kwon B, Schulmerich M V, Elgass L J, Kong R, Holton S E, Bhargava R and King W P 2012 
Infrared microspectroscopy combined with conventional atomic force microscopy 
Ultramicroscopy 116 56-61 
[12] Zhao Y, Mao M, Horowitz R, Majumdar A, Varesi J, Norton P and Kitching J 2002 
Optomechanical uncooled infrared imaging system: design, microfabrication, and performance 
Microelectromechanical Systems, Journal of 11 136-46 
[13] Narayanaswamy A, Shen S and Chen G 2008 Near-field radiative heat transfer between a sphere 
and a substrate Physical Review B 78 115303 
[14] Datskos P G, Lavrik N V and Rajic S 2004 Performance of uncooled microcantilever thermal 
detectors Review of Scientific Instruments 75 1134-48 
[15] Chen Y, Xu Z, Gartia M R, Whitlock D, Lian Y and Liu G L 2011 Ultrahigh throughput silicon 
nanomanufacturing by simultaneous reactive ion synthesis and etching ACS Nano 5 8002-12 
[16] Huang Y F, Chattopadhyay S, Jen Y J, Peng C Y, Liu T A, Hsu Y K, Pan C L, Lo H C, Hsu C H, 
Chang Y H, Lee C S, Chen K H and Chen L C 2007 Improved broadband and quasi-
omnidirectional anti-reflection properties with biomimetic silicon nanostructures Nat. 
Nanotechnol. 2 770-4 
[17] Koynov S, Brandt M S and Stutzmann M 2006 Black nonreflecting silicon surfaces for solar cells 
Applied Physics Letters 88 203107-3 
[18] Shen M Y, Crouch C H, Carey J E and Mazur E 2004 Femtosecond laser-induced formation of 
submicrometer spikes on silicon in water Applied Physics Letters 85 5694-6 
[19] Xu Z, Jiang J, Gartia M R and Liu G L 2012 Monolithic Integrations of Slanted Silicon 
Nanostructures on 3D Microstructures and Their Application to Surface-Enhanced Raman 
Spectroscopy The Journal of Physical Chemistry C 116 24161-70 
51 
 
[20] Bhargava R 2012 Infrared Spectroscopic Imaging: The Next Generation Appl. Spectrosc. 66 
1091-120 
[21] Reddy R K, Walsh M J, Schulmerich M V, Carney P S and Bhargava R 2013 High-Definition 
Infrared Spectroscopic Imaging Appl. Spectrosc. 67 93-105 
[22] Kwon B, Wang C, Park K, Bhargava R and King W P 2011 Thermomechanical sensitivity of 
microcantilevers in the mid-infrared spectral region Nanoscale Microscale Thermophys. Eng. 15 
16-27 
[23] Incropera F P and DeWitt D P 1981 Fundamentals of heat transfer: Wiley) 
[24] Narayanaswamy A and Gu N 2011 Heat Transfer From Freely Suspended Bimaterial 
Microcantilevers J. Heat Transf.-Trans. ASME 133 
[25] Yeh P 2005 Optical waves in layered media (Hoboken, New Jersey: John Wiley & Sons Inc.) 
[26] Asheghi M, Kurabayashi K, Kasnavi R and Goodson K E 2002 Thermal conduction in doped 
single-crystal silicon films Journal of Applied Physics 91 5079-88 
[27] Palik E D ed 1985 Handbook of Optical Constants of Solids vol III (New York: Academic) 
[28] Bourgoin J-P, Allogho G-G and Hache A 2010 Thermal conduction in thin films measured by 
optical surface thermal lensing Journal of Applied Physics 108 073520-6 
[29] Davis B J, Carney P S and Bhargava R 2010 Theory of Mid-infrared Absorption 
Microspectroscopy: II. Heterogeneous Samples Analytical Chemistry 82 3487-99 
[30] Davis B J, Carney P S and Bhargava R 2010 Theory of Midinfrared Absorption 
Microspectroscopy: I. Homogeneous Samples Analytical Chemistry 82 3474-86 
[31] Wilkinson P R and Gimzewski J K 2006 Thin film interference in the optomechanical response of 
micromechanical silicon cantilevers Applied Physics Letters 89 241916-3 
[32] Brewster Q M 1992 Thermal Radiative Transfer and Properties (New York: John Wiley & Sons, 
Inc) 
[33] Mahan G D and Marple D T F 1983 Infrared absorption of thin metal films: Pt on Si Applied 
Physics Letters 42 219-21 
 
 
  
52 
 
Chapter 4                 
LARGE INFRARED ABSORBANCE OF 
BIMATERIAL MICROCANTILEVERS BASED ON 
SILICON HIGH CONTRAST GRATING 
4.1 Introduction 
Bimaterial cantilever infrared (IR) detectors are based on the photothermal cantilever 
bending where the IR light absorption induces temperature rise and the thermal expansion 
mismatch bending of the cantilever [1-10]. The bimaterial cantilevers have shown a potential as 
a novel uncooled IR detector by exhibiting IR sensitivity similar to traditional methods but with 
lower cost and faster response time (~0.1 – 1 ms) [11-13]. Published research has shown that a 
bimaterial cantilever can detect radiative power of 250 pW/Hz
0.5
 at the wavelength of 650 nm [6], 
or 1.3 nW /Hz
0.5
 at the wavelength of 10 m [3]. Focal plane array of bimaterial cantilevers have 
noise equivalent temperature difference (NETD) of 50 – 200 mK [2] which is comparable to the 
NETD of the most recent microbolometer IR detectors, 35 – 200 mK [14, 15]. Thus, people have 
explored the applications of bimaterial cantilevers in portable IR imaging system [2, 7, 9, 16] and 
IR spectroscopic system [8].  
To make bimaterial cantilever IR detectors practical in actual applications, it is still 
necessary to improve their sensitivity [8, 12]. Optical and thermomechanical properties 
determine the cantilever sensitivity, which are related to the cantilever material and geometry [3, 
9, 17]. To improve the cantilever thermomechanical property, people have designed the 
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cantilever with large length, small width, and optimum layer thicknesses to achieve large thermal 
expansion mismatch stress and sufficiently small mechanical stiffness [3, 9, 17]. However, there 
have been few efforts to improve the cantilever optical property [10]. The most common material 
combination for bimaterial cantilever IR detectors has been silicon nitride and aluminum [1, 3, 6, 
9, 10]. The cantilevers fabricated with these materials have relatively small optical absorbance 
over large portion of the mid-IR spectral region due to small imaginary part of refractive index 
(~ 0.001 – 0.01) of silicon nitride [18]. Small optical absorbance has been one of the limiting 
factors to the cantilever sensitivity. 
High-contrast grating (HCG) is periodic grating made of material with higher refractive 
index than surrounding medium [19], and has recently impacted the device concept of 
semiconductor optoelectronics and nanophotonics due to its extraordinary features [19-21]. HCG 
can exhibit broadband high reflection or resonance reflection with high quality factor [19], which 
are not commonly obtainable from traditional gratings. HCG can also possess resonance 
absorption by having a metal layer on its bottom which inverts the reflection spectrum of HCG 
[22]. Thus, the integration of HCG into an optical system can enhance its absorbance at the 
spectral region of interest. Here, we report a new type of bimaterial cantilever based on silicon 
HCG with metallic (aluminum) coating on the bottom for the use across a wide range of mid-IR 
wavelengths (3 – 11 m). By incorporating HCG with the bimaterial cantilever, we aim to 
enhance cantilever IR absorbance as well as the IR sensitivity of the cantilever. We also 
demonstrate the application of HCG cantilever into the transmission IR spectroscopy employing 
a Michelson interferometer as an IR source.  
54 
 
 
4.2 Cantilever design and fabrication 
Figure 4.1 shows scanning electron microscope (SEM) images of a fabricated cantilever 
and the cantilever design. The cantilever has a single crystal silicon layer that consists of a 
periodic 1D surface corrugation grating structure on top of a waveguide layer. The cantilever has 
an aluminum coating on the bottom surface. We use silicon for a structural material, since mid-
 
Figure 4.1 Illustration and SEM micrographs of bimaterial cantilever based on silicon high 
contrast grating with aluminum coating on the bottom surface. A periodic 1D surface 
corrugation grating and a waveguide layer consist of single crystal silicon, while the bottom 
layer is aluminum. At a resonance wavelength of the grating, an incident wave couples to the 
waveguide layer and creates strong intensity distribution within the cantilever, resulting in 
strong cantilever absorbance. 
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IR light can propagate through silicon with negligible loss due to small extinction coefficient, k, 
of silicon (k = 10
-9
 – 10-4) [23]. For a coating material, we use aluminum, because it absorbs the 
wave leaked from the waveguide based on its large extinction coefficient (k = 30 – 100) [24]. In 
addition, the silicon and aluminum are relatively easy to integrate into cantilevers through 
microfabrication. 
From an electromagnetic waveguide perspective, the silicon grating – waveguide on top 
of an aluminum layer is similar to a grating structure totally surrounded by low index medium or 
air. The aluminum layer serves as a perfectly reflecting boundary or a mirror for the propagating 
waves in the silicon waveguide. Hence, the propagating modes in the silicon grating – waveguide 
on top of an aluminum coating are effectively equal to the propagating modes in an 
axisymmetric structure composed of twin silicon grating-waveguide structures. Therefore, the 
cantilever with silicon grating – waveguide structure with an aluminum coating shows similar 
optical characteristics which are available from HCG grating, which will be shown in the 
following paragraphs.  
Our goal is to integrate gratings structure into the cantilever such that the resonance 
absorption of HCG occurs in mid-IR spectral region (3 – 11 m). There are several parameters 
that determine the resonance wavelengths of the grating such as grating period, , grating duty 
cycle, , grating depth, dgr, the waveguide layer thickness, dwg, the angle of incidence, , and the 
light polarization [19-21, 25]. The photolithography resolution limits the ridges of the grating to 
be larger than 2 – 3 m, therefore the grating period should be larger than 5 m. For the 
simplicity, we set other geometric parameters as follows:  = 0.5, dgr = 0.5 m, dwg = 1 m. The 
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waveguide layer thickness is related to the cantilever thermal conductance and mechanical 
compliance which are important factors for the cantilever thermomechanical sensitivity [3].  
We used a two-dimensional finite element model (COMSOL Multiplysics) to simulate 
the absorbance spectra of the cantilevers with different grating periods. Due to the symmetry of 
the geometry, we simulated a unit cell of the cantilever grating structure which corresponds to a 
single grating period. In the model, a plane electromagnetic wave is incident on the cantilever 
with either transverse electric (TE) or transverse magnetic (TM) polarization. The model 
 
Figure 4.2 Calculated IR absorbance and electric field amplitude distribution of a cantilever 
with HCG (grating period  = 5 m, duty cycle  = 0.5, grating depth dgr = 0.5 m, 
waveguide thickness dwg = 1 m) using a finite element model. (a) IR absorbance spectra 
when both TE and TM polarized wave are incident on the cantilever at either 0
o
 or 30
o
 angle. 
(b-c) Distribution of the electric field amplitude (|E|) in a unit cell of the cantilever when a TE 
polarized wave is normally incident with a wavelength of either 3.45 or 9.75 m. 
 
57 
 
calculated the cantilever absorbance from the ratio of the electromagnetic power loss within the 
cantilever to the incident light power. Since we will characterize the cantilever absorbance with 
randomly polarized light source in later section, we averaged the cantilever absorbance values 
calculated with TE and TM polarized light. 
Figure 4.2a shows the calculated cantilever absorbance when the grating period is 5 m 
with an angle of incidence of 0
o
 or 30
o
. At the wavelength longer than the grating period, an 
absorption peak due to coupling to resonance mode in HCG appears at 9.75 m for 0o angle of 
incidence and at 10.75 m for 30o angle of incidence [20, 25]. At the wavelength shorter than the 
grating period, multiple absorbance peaks appear, since higher-order modes of HCG occur [20, 
25]. Figure 4.2b and 4.2c show the distribution of the electric field amplitude, |E|, in a unit cell of 
a cantilever when a plane wave with TE polarization incident at 0
o
 angle of incidence. At the 
absorbance peak at 3.45 m, multiple propagating modes in the waveguide interfere, and create a 
complex field distribution. At the absorbance peak at 9.75
 m, only a single propagating mode 
exists in the waveguide, and a simple standing wave pattern appears. In the same manner, we 
calculated the absorbance spectra of the cantilevers with grating periods of 5.5 m. The 
simulation indicated that the grating period of 5.5 m has resonance at the wavelengths 9.15 – 
10.15 m when the angle of incidence varies from 0o to 30o. 
The aluminum layer thickness, dAl, cantilever length, L, and cantilever width, w, are 
important for both the cantilever thermomechanical sensitivity and the compatibility with the 
optical cantilever deflection detection system [3]. There is an optimum value for the ratio of 
coating layer thickness to the structural layer thickness to maximize the thermal expansion 
mismatch stress [17]. The optimum ratio is typically larger than 0.2, thus the aluminum coating 
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should be thicker than 200 nm for a 1m thick silicon cantilever. However, the evaporated 
aluminum film typically is under a compressive intrinsic stress [26] such that thick aluminum 
layer causes the cantilever to bend severely. When the cantilever bending is too large, the laser 
beam in the deflection readout reflects off the cantilever, deviates from the photodiode, and fails 
to read the cantilever deflection. For the cantilever to possess large thermomechanical sensitivity, 
the cantilever has to be long and narrow [3]. However, when the cantilever is too long, the 
intrinsic stress-induced cantilever deflection becomes too large. In addition, when the cantilever 
is too narrow, the optical cantilever deflection readout system cannot acquire sufficient signal. 
Table 4.1 Description of cantilevers 
Cantilever A B C 
 
Grating Period  
 (m) 
 
5.07 5.45 - 
Grating Duty 
cycle 
 
0.51 0.46 - 
 
Grating Depth 
dgr (m) 
 
0.43 0.48 - 
Waveguide Layer 
Thickness 
dwg (m) 
1.35 0.94 1.61 
 
Aluminum 
Thickness 
dAl (nm) 
 
100 100 16 
Cantilever Length 
L (m) 
463 465 441 
 
Cantilever Width 
w (m) 
 
42 41 40 
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Based on this consideration, we select the aluminum coating thickness as 100 nm, cantilever 
length as 460 m, and cantilever width as 40 m.  
The HCG cantilevers are fabricated using a silicon-on-insulator (SOI) wafer with a 2.0 
um-thick device layer. We first pattern gratings using a conventional photolithography followed 
by an anisotropic etching of the silicon. The second photolithography patterns a mask for 
cantilevers, which is carefully aligned with the gratings. Deep reactive ion etching (DRIE) of the 
silicon using these patterns follows until the buried oxide is exposed. In order to release the 
cantilevers, windows around the cantilevers are patterned from the backside of the SOI wafer. 
We etch through the SOI handle layer from the backside using the buried oxide layer as an etch 
 
Figure 4.3 Spectral absorbance of (a) cantilever A, (b) cantilever B, and (c) cantilever C at 3 
– 11 m wavelength region, when randomly polarized waves are incident on a cantilever at a 
range of angles (10 – 30o). The solid lines show cantilever absorbance measured in an FTIR 
spectrometer. The dashed lines show calculation results from the finite element model. 
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stop. Finally, we use a hydrofluoric acid (HF) solution to remove the oxide, and release the 
cantilevers. Table 4.1 lists the dimensions of the fabricated cantilevers and a commercially 
obtained cantilever without HCG. The grating period has a length scale of the wavelength of 
interest. The commercially obtained cantilever also consists of a silicon and aluminum layers 
(Mikromasch, CSC17) and possesses relatively large IR sensitivity among commercial silicon 
based bimaterial cantilevers [5].  
4.3 Cantilever characterization  
Figure 4.3 shows the measured and calculated IR absorbance of the cantilevers in the 
wavelength range 3 – 11 m.  We measured the cantilever IR absorbance using an Fourier 
transform infrared (FTIR) imaging microspectrometer system (Agilent, 680-IR spectrometer 
with 620-IR optical microscope). The details of the FTIR measurement protocol are described 
elsewhere [27]. We also calculated cantilever IR absorbance using the finite element model when 
a plane wave with TE or TM polarization is incident on a cantilever at incidence angles of 10 – 
30
o
 with a step size of 2
o
. The dash lines in Fig. 4.3 correspond to the arithmetic means of the 
calculated cantilever absorbance for all the light polarizations and angles of incidence, which 
compare well with the measured values. Here the absorbance spectra of the cantilevers with 
HCG, cantilever A and B, have several bands that are the superposition of multiple resonance 
absorption bands. The multiple absorption bands occur when HCG cantilevers are subject to 
either randomly polarized light or light from a range of incidence angles. Thus, the superposition 
of absorption bands occurring in cantilever A and B is due to the optical configuration of the 
characterization system. The FTIR microspectrometer system uses a non-polarized light source 
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which is a globar source. In addition, a Schwartzschild objective in the FTIR system has a 
numerical aperture of 0.5 with central obscuration, thus the FTIR system illuminates light on a 
cantilever at various angles of incidence (10 – 30o) [28].  
 The amplitudes and bandwidths of the absorption bands increase in the cantilevers with 
HCG over the wavelengths of 3 – 11 m. The average absorption peak amplitudes of cantilever 
A and B range 0.35 – 0.36, while the average peak amplitude of cantilever C is 0.26. More 
importantly, the total bandwidth (defined as the sum of the bandwidths of the absorption bands 
with amplitude > 0.2) of cantilever A, and B ranges 2.8 – 4.1 m, while the total bandwidth of 
cantilever D is 1 m. Therefore, the cantilevers with HCG have about 3 – 4X larger total 
bandwidths as compared to the cantilever with a smooth surface.  
 
 
Figure 4.4 Schematic of the experimental setup that measures cantilever IR responsivity and 
IR spectrum of a thin film sample. Michelson interferometer includes an IR emitter at 540 
o
C 
(S), fixed mirror (M1), a moving mirror (M2), and a beam splitter (BS). A concave mirror 
(M3) focuses the intensity modulated broadband IR light onto a bimaterial cantilever mounted 
in a commercial AFM. A spectrum analyzer performs fast Fourier transform on the cantilever 
deflection signal acquired by the AFM. When M3 is removed from the beam path, the light 
from interferometer is focused onto a DLaTGS IR detector via a concave mirror (M4). 
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 Figure 4.4 shows an experimental setup that measures cantilever spectral responsivity. 
The setup consists of a commercial FTIR spectrometer system (Bruker, Vertex 70) and an AFM 
system (Agilent, PicoPlus). Michelson interferometer in the FTIR system produces an intensity 
modulated broadband light, where the modulation frequency is different for each wavelength. 
The modulation frequency, f, is related to the wavelength, , by the relation f = 2v/ where v is 
the velocity of the moving mirror in the interferometer. The intensity modulated beam is focused 
on a cantilever mounted in the AFM, resulting in a periodic cantilever bending. The optical 
readout in the AFM measures the cantilever tip displacement. A spectrum analyzer (Stanford 
Research Systems, SR780) performs fast Fourier transform on the optical readout signal, and 
records cantilever tip displacement as a function of the wavelength. The optical flux at the 
cantilever position normalizes the cantilever tip displacement to obtain the responsivity value. A 
deuterated L-alanin-doped triglycine sulfate (DLaTGS) IR detector in the FTIR system can also 
measures the interferometer output, and is used for IR spectroscopy experiment which is 
described in the following section. 
In addition, we calculated cantilever responsivity employing a model relating incident 
radiation, heat transfer, temperature distribution in the cantilever, and thermal expansion 
mismatch bending [27]. This model used the cantilever absorbance values obtained from the 
finite element model. The finite element model calculated the average values of the cantilever 
absorbance for TE and TM polarizations and the angles of incidence of 0 – 15o, since the 
responsivity measurement setup had a non-polarized light source and used a spherical mirror to 
focus the light onto a cantilever. To account for the heat transfer from the cantilever to air, the 
responsivity model used an effective thermal conductance to air, Ga, = 30 W/K for cantilever A, 
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B, and C, and Ga = 20 W/K for cantilever D. These values of Ga provide model fit and are close 
to Ga for a silicon nitride-gold cantilever with similar dimensions [29]. 
Figure 4.5 shows the measured and calculated IR responsivity of the cantilevers in the 
wavelength range 3 – 11 m. In average, the cantilevers with HCG have 13 – 47X greater 
responsivity values than the cantilever without HCG, cantilever C. Average value of the 
responsivity is 316 pm/W for cantilever A, 1181 pm/W for cantilever B, and 25 pm/W for 
cantilever C. Using an average InvOLS value of the cantilevers (248 nm/V), the responsivity 
values of the HCG cantilevers in the unit of V/W can be known which range 1.2 – 4.7 kV/W. 
Other than enhanced cantilever absorbance, the improvement in the ratio of coating layer 
thickness to the structural layer thickness, dAl /dwg is also responsible for the improved 
 
Figure 4.5 Measured and predicted cantilever responsivity over the 3 – 11 m wavelength 
region when randomly polarized waves are incident on a cantilever at a range of angles 0 – 
15
o
. 
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responsivity of the HCG cantilevers [17]. dAl /dwg, is 0.07 – 0.1 for the HCG cantilevers, while 
dAl /dwg is 0.01 for cantilever C. Since dAl /dwg value of the HCG cantilevers is close to the 
optimum value (~ 0.2) as compared to cantilever C, HCG cantilevers are subject to larger 
thermal expansion mismatch stress when the same amount of heating power is applied.  
We characterized the noise equivalent power, NEP, and detectivity, D*, of the cantilevers 
[3, 6, 17]. Table 4.2 lists the measured NEP, D* based on the average value of the cantilever 
responsivity. Thermomechanical noise of the cantilever and the noise from optical readout limit 
our IR power measurement [9]. The cantilever responsivity measurement setup recorded the 
noise floor while there is no IR heating on a cantilever. The noise floor equivalent tip 
displacement of the HCG cantilevers was on the order of 1 pm when a measurement bandwidth 
was 78 mHz. We normalized the noise equivalent cantilever tip displacement by both its 
responsivitiy and square root of the measurement bandwidth to obtain NEP which was on the 
order of 1 nW Hz
-1/2
. Another important figure of merit for photodetectors is detectivity which is 
defined as D* = A
1/2
/NEP where A is the area of the photosensitive region of the detector. Based 
on the cantilever surface areas and their NEP, D* of the HCG cantilevers range 10
6
 – 107 cm 
Hz
1/2 
W
-1
. For comparison, bolometer type IR detectors have D* on the order of 10
8
 cm Hz
1/2 
W
-1
 
Table 4.2 Microcantilever performance figures of merit 
Cantilever A B C 
Responsivity  
R (pm W-1) 
316 1181 25 
 Noise equivalent power  
NEP (nW Hz
-1/2
) 
6.7 0.5 47.2 
Detectivity 
D* (cm Hz
1/2
 W
-1
) 
2.9106 2.6107 2.8105 
    
65 
 
and liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detectors have D* on the order of 
10
10
 cm Hz
1/2 
W
-1
 [15].  
 
 
Figure 4.6 Measured IR absorbance spectra of polyimide (PI) films at the wavelength region 
between 3.3 and 7 m. (a)  IR absorbance spectra of 2.4, 3.6, and 8.3 m thick PI films 
obtained by cantilever B (solid line) and a DLaTGS IR detector (dash line). (b)  Absorbance 
value measured by cantilever B near 5.8 (square) and 6.6 m (circle) as a function of the PI 
film thickness. 
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4.4 An application to infrared spectroscopy 
 The large IR responsivity of the HCG cantilever enables the cantilever based 
transmission IR spectroscopy with Michelson interferometer shown in Fig. 4.4. To demonstrate 
the transmission IR spectroscopy, we obtained absorbance spectra of thin polyimide films. The 
polyimide (PI) films are free-standing membranes with the thicknesses of 2.4, 3.6, and 8.3 m 
supported by metallic frames at the edges. To prepare the PI films, we spin coat PI solution (HD 
Microsystems, PI-2555) on glass substrates and cure them at 300 
o
C for 1 hour.  Then, to transfer 
the PI films on the metallic frames, we bond the metallic frames on top of the PI films with an 
adhesive, soak them in hot water (90 
o
C) for 12 hours, and detach the metallic frames from the 
glass substrates. A profilometer measures the thickness of the PI films which are remained on the 
glass substrates. A PI membrane is positioned in the beam path between the interferometer exit 
and a cantilever shown in Fig. 4.4. With a sample, we measure the cantilever deflection, zt, 
arising from the transmitted beam intensity. Then, we remove the sample, and measure the 
cantilever deflection, z0, as a reference. Theoretically, the cantilever deflection has a linear 
relation to the incident radiative power, thus the sample absorbance can be calculated by A = -
log10(zt/z0). When we measure the absorbance spectrum with a DLaTGS IR detector in the FTIR 
system, we remove a spherical mirror (M3) in Fig. 4.4 which directs the interferometer output to 
the cantilever. 
 Figure 4.6a shows the absorbance spectra of PI films measured by cantilever B and the 
DLaTGS detector (spectral resolution = 16 cm
-1
) in the wavelength range 3.3 – 7 m. The 
spectra measured by both detectors resolve the absorbance bands at 5.8 and 6.6 m and compare 
well. Cantilever B provides signal to noise ratio of 2 – 10 at 3.3 – 7 m with 8.3 m thick PI 
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sample when the signal is averaged over 20 scan. However cantilever C has low signal to noise 
ratio (~ 1) with the same sample such that absorbance spectrum is unobtainable. For this 
comparison, we average the DLaTGS detector over 20 scans as well. Importantly, we 
demonstrate that the cantilever response to the incident power is linear such that the absorbance 
value linearly increases with the increasing sample thickness. Figure 4.6b shows the absorbance 
value at 5.8 and 6.6 m as a function of the PI film thickness, which verifies the linear relation 
between absorbance value measured by the cantilever and the sample thickness. Dissimilar to the 
bimaterial cantilever, some IR detectors such as mercury-cadmium-telluride (MCT) detector 
have nonlinear response to the incident radiation, which requires additional data correction 
process for the quantitative study based on IR spectroscopy.  
The integration of HCG into silicon based bimaterical cantilever enhances cantilever 
responsivity, NEP, and detectivity. The improved responsivity and linear response of the 
cantilever to IR light enables IR spectroscopy with Michelson interferometer. The absorbance 
amplitude, total bandwidth, and the active wavelengths for the HCG cantilever depend on the 
geometric parameters for HCG. Therefore, the optimization of the geometric parameters [25] 
will further improve the performance of HCG cantilever for a given incident light.  
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4.5 Conclusion  
 In conclusion, we designed and fabricated bimaterial cantilevers based on silicon HCG 
with metallic (aluminum) coating on the bottom. The cantilevers with HCG had about 3 – 4X 
larger total IR absorbance bandwidths and 30% improvement in absorbance peak amplitude as 
compared to the cantilever without HCG at the wavelength of 3 – 11 m. Finite element model 
for cantilever IR absorbance showed good agreement with the experimental data, indicating that 
strong IR absorption by HCG cantilevers is due to the resonance modes in HCG.  Based on the 
improved IR absorbance, the HCG cantilevers had 13 – 47X greater responsivity values than the 
cantilever without HCG. The HCG cantilevers had NEP as small as 0.6 nW Hz
-1/2 
and detectivity, 
D*, as small as 2.2107 cm Hz1/2 W-1. The improved responsivity of the HCG cantilevers enabled 
transmission IR spectroscopy with a Michelson interferometer. The HCG cantilever obtained IR 
absorbance spectra of polyimide films, and exhibited linear response to the incident IR light. The 
IR absorbance amplitude, total bandwidth, and the active wavelengths for the HCG cantilever are 
dependent on the geometric parameters for HCG, hence the adjustment and optimization of the 
cantilever performance are available. This study should help the development of bimaterial 
cantilever IR detectors. 
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Chapter 5           
INFRARED MICROSPECTROSCOPY COMBINED 
WITH CONVENTIONAL ATOMIC FORCE 
MICROSCOPY 
5.1 Introduction 
Mid-IR spectroscopic imaging is widely used for quantifying the chemical composition of a 
variety of analytes, including biological materials [1] and polymer composites [2].  Typically, 
Fourier transform infrared (FT-IR) spectrometry is used in conjunction with a microscope for 
either mapping with a monolithic detector or imaging with a focal plane array detector [3, 4].  
The performance of imaging systems [5] has been enhanced largely by the development of multi-
element detectors [6] while optical setups enable spatial resolution based on the Rayleigh 
criterion [7].  A major focus of instrumentation research has been to improve the spectral quality 
of data and its spatial localization using new detectors and novel data acquisition schemes [8].  
There are many approaches for improving the spatial resolution of IR measurements below 10 
μm [6, 9, 10], for example using a solid immersion lens [11] in an attenuated total reflectance 
(ATR) geometry [12-14].  A pixel size of 0.54 µm [15] was recently reported by coupling a 
synchrotron output to an imaging spectrometer.  Near-field approaches can improve this further, 
with spatial resolution as high as 100 nm [16-19].  One approach that has been commercially 
translated uses an AFM tip as a detector [20].  The most developed AFM-based approach uses a 
photothermal induced resonance (PTIR) that measures the local thermal expansion resulting 
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from IR absorption by a sample [21, 22].  PTIR imaging of live cells at 100 nm spatial resolution 
was recently reported, although an expensive free electron laser was required to achieve this 
measurement [19].  Recent reports have used a table-top tunable laser to map polymer multi-
layers with 100 nm spatial resolution [23].  
This manuscript explores a method for incorporating a globar-equipped monochromator with a 
commercial AFM for combining AFM topography with IR spectroscopy.  This approach cannot 
reach the high spatial resolution of laser-based approaches, but is simple and relatively 
inexpensive.  The key feature of this setup arises from the use of an uncooled detection scheme 
with a commercial cantilever [24].  We suggest that the approach would be useful when the 
 
Figure 5.1 Schematic of the developed instrument.  Light from a monochromator was 
focused on to the sample plane.  The beam was modulated at 150 Hz via an optical chopper 
and an optical filter eliminated stray light.  Light was collimated by a concave mirror and 
focused on to a sample using an off-axis parabolic mirror.  A bimaterial cantilever located 
above the sample detected transmitted light.  The bending of a cantilever was measured using 
the reflection of a reference laser in the AFM module. 
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spatial measurement capabilities of an AFM are to be augmented by chemical analyses using 
spectroscopy or when spectral measurements from a small region need to be understood to 
inform conventional, high-quality spectral analysis.  
5.2 Experimental method and materials 
Figure 5.1 shows a schematic of the instrumentation.  A sintered silicon carbide rod (6363, 
Newport) was mounted in a monochromator illuminator (7340, Newport) and set to 1100 K.  A 
spherical mirror focused the light into the entrance of the monochromator (74050, Newport), 
which includes a single grating (74082, Newport) with continuously tunable output between 
2222 and 500 cm
-1
.  An optical chopper (75150, Newport) modulated the intensity of the 
monochromator output at 150 Hz.  The modulation frequency was selected to exclude the effects 
of three frequencies in the setup: 60 Hz electrical noise and its multiples, 1/f electrical noise 
mostly below 100 Hz, and beam attenuation that is typically significant above 400 Hz [25].  A 
longpass optical filter (transmission < 0.5) for wavenumber greater than 2092 cm
-1
 was 
positioned after the chopper to eliminate stray light.  The light was collimated, brought into a 
commercial AFM system, and focused onto the substrate and cantilever.  Due to the relatively 
large diameter of the beam (1.2 mm), the entire cantilever was illuminated. 
The experiments were conducted using a commercially-available silicon microcantilever as a 
detector (NSC36, Mikromasch, Inc).  The cantilever is 130 µm long, 35 µm wide, 1 µm thick, 
and has 30 nm thick aluminum coating.  For obtaining large sensitivity to IR light, the cantilever 
has to possess small thermal conductance, large mechanical compliance, large optical 
absorptance, and large thermal expansion mismatch between the coating and substrate materials 
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[26-28].  The first two properties can be achieved by making a cantilever narrow, thin and long, 
while the last two properties are obtained through proper selection of cantilever materials.  
However, to achieve high spatial resolution for IR imaging, a small cantilever is needed, as a 
single pixel in the resulting IR image will consist of the integrated area over the region where the 
cantilever is placed.  The cantilever used in this experiment was chosen based on this 
consideration.  The optimization of cantilever design and material will further improve the IR 
measurement sensitivity and resolution.  
For transmitted light detection, the cantilever was operated in two modes depending on the 
sample properties: either intermittent contact with the sample or hovering above the sample 
surface at a constant height.  For samples with small surface roughness (< 1 μm) or low adhesion, 
an intermittent contact mode was used.  For samples with large surface roughness (> 1 μm) or 
high adhesion, the cantilever was fixed above the sample with the gap distance between the tip 
and the sample surface in the range of 2-5 μm to avoid destructive collisions or adhesion of the 
cantilever to the sample. 
Cantilever deflection was measured by the AFM (MFP-3D-Bio, Asylum Research) and then 
sent to a spectrum analyzer (SR770, Stanford Research System).  Fast Fourier transform of the 
time-domain data was used to directly measure the deflection.  The spectrum analyzer was used 
to acquire the deflection signal for 1.024 second per data point with a frequency resolution of 
977 mHz and averaged 15 measurements in order to eliminate noise by signal averaging. 
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Figure 5.2 shows the characterization results for the monochromator in the range 2000-1000 cm
-1
.  
The monochromator output was measured using an FT-IR spectrometer (Vertex 70, Bruker) [25].  
The full width at half maximum (FWHM) of the monochromator output at each position was 
used as a measure of its spectral resolution (Fig. 5.2a) which varies over the range of 27-127 cm
-
1
 with an average of 52.7 cm
-1.  “Gold standard” data were also acquired for the samples using a 
commercial FT-IR imaging system (Spotlight 400, Perkin Elmer) using the parameters above. 
The spectral resolution of a standard diffraction grating in the monochromater was also predicted 
 
Figure 5.2 (a) FWHM of the monochromator output. FWHM was measured (square) using an 
FT-IR spectrometer.  Absorbance differences between the nearest resolvable peaks were also 
calculated (line), (b) spectral flux of the light as a function of wavenumber on the sample 
plane.  Spectral flux was wavenumber dependent and ranged from 5 to 18 µW/mm
2
, with an 
average of 9.8 µW/mm
2
. 
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by λ/Δλ=mN and compared with the measurement, where λ is the mean wavelength, Δλ is the 
least resolvable wavelength difference (denoted as resolving power), m is an integer representing 
diffraction order, and N is the total number of grooves of the grating [29]. 
Figure 5.2b shows the optical flux on the sample plane as measured from the wavelength 
dependent radiation power per unit beam spot area.  The optical power of the monochromator 
output was measured using a thermopile (3A-SH, Ophir) and 1/e
2
 beam radius on the sample 
plane was estimated by measuring the photothermal cantilever deflections as a function of spatial 
position.   
To record sample absorbance, the cantilever deflections induced by IR heating were measured 
with and without the sample.  This process was repeated for the spectral range of interest (1000-
2000 cm
-1
) with the step size of ~10 cm
-1
.  It took approximately 30 minutes to measure one set 
of cantilever deflections.  While deflection data (δ) were acquired by positioning the cantilever 
on or above the samples, a background deflection (δ0) measurement was conducted after locating 
the cantilever to a region on the same substrate that did not contain the sample.  Based on the 
correlation between absorbed power and bimaterial cantilever deflection [24, 30, 31], we assume 
δ/ δ0 represents the sample transmittance and thus the sample absorbance is -log10 (δ/ δ0).  The 
absorbance values were normalized to the largest peak but baseline correction was not needed as 
we were measuring uniform samples at nearly normal incidence.  
Films of poly(methyl methacrylate) (PMMA) and polycarbonate (PC) of thickness 1 m were 
prepared on barium fluoride (BaF2) substrates.  7 % PMMA in anisole solution was spin-coated 
at 900 rpm and baked at 170 ºC for 30 min.  PC pellets were dissolved in toluene and cast on to 
the BaF2 substrate and dried at room temperature.  Film thicknesses were measured using an 
ellipsometer (L116A, Gaertner Scientific Co.) at a wavelength of 633 nm.  The averages 
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thickness of the PMMA and PC films was measured to be 1.02 µm and 1.01 µm, respectively.  A 
1 µm thick film of SU-8 resin on BaF2 was patterned using a USAF 1951 optical resolution 
target as a mask.   
We also tested our method on two types of biological samples. We prepared engineered skin 
samples from 2 week-long cultures of skin scaffolds and using associated procedures (MatTek, 
Inc.).  The samples typically consist of 8-10 layers of normal human epidermal keratinocytes.  
MCF-10A cells, a nontumorigenic human mammary epithelial line, were seeded at single-cell 
density on growth-factor reduced Matrigel
TM
 (BD Biosciences). They were grown in the three-
dimensional overlay culture [32] for 12 days before being fixed in 4% paraformaldehyde and 
subsequently paraffin embedded.  Both biological samples were sectioned to 2-5 μm using a 
microtome and placed on a BaF2 substrate.  Subsequently, samples were de-paraffinized in 
hexane for 24 hours in preparation for imaging using procedures previously developed [33, 34].  
These sample thicknesses (i.e. a few micrometers) are similar to the sample dimensions of tissue 
sectioned for microscopy in the majority of clinical and research studies, whereas the tissue 
sections for PTIR imaging are much thinner (~500 nm) [21, 22]. 
5.3 Results 
We first characterized the performance of the imaging system in terms of the spectral and 
spatial resolution using a standard sample prior to application to more complex samples.  
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Figure 5.3 The IR spectrum of 1 µm thick (a) PC film, (b) PMMA film, and (c) SU-8 film on 
BaF2 substrates.  FT-IR spectra with 32 cm
-1
 and 64 cm
-1
 resolution are provided as a 
reference. 
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5.3.1 IR Spectra Point Measurements 
Spectra acquired with our system were compared to spectra obtained by a commercial FT-IR 
imaging spectrometer (Spotlight 400, Perkin Elmer) which were taken with 32 and 64 cm
-1
 
resolution for the three thin polymer films (Fig. 5.3).  The spectral resolution of the cantilever-
based spectra lies within this range.  For the spectral range of 1333-1667 cm
-1
, the relative 
intensities of the peaks compare well with the spectrum from FT-IR at the resolution of 64 cm
-1
, 
while the spectral range of 1000-1333 cm
-1
  shows a good agreement with the FT-IR 
measurement at the 32 cm
-1
.[35][36] 
The variation in spectral resolution achieved by cantilever-based spectroscopy is correlated 
with the wavelength dependent spectral resolution of the monochromator grating.  The FWHM 
of the beam produced by the monochromator was measured to be 61.6 and 39.4 cm
-1
 in the range 
of 1333-1667 cm
-1
 and 1000-1333 cm
-1
 respectively which correspond to the spectral 
characteristics seen above. 
5.3.2 IR Imaging   
Raster scanning was employed to acquire photothermal deflections from specified points on 
the sample.  For example, the cantilever position was moved over a grid pattern using a 5 μm 
displacement per step.  The sample location was found by obtaining a topographic image with a 
regular AFM technique prior to mapping photothermal deflections.  Due to the relatively low 
signal to noise ratio (SNR), 10-30, and the limited data processing speed of the spectrum 
analyzer, typical acquisition time for a spectrum is 60 minutes for the previously mentioned 
spectral region and wavelength reso lution.  Hence, for IR mapping, we often recorded data sets 
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Figure 5.4 Comparison of photothermal IR imaging schemes: parallel and perpendicular scan 
directions.  (a) and (e) are AFM topography superimposed with photothermal IR images that 
were taken at different regions in SU-8 USAF 1951 test target with different scan directions..  
(b) and (f) are 2D AFM topography for the corresponding sample regions and (c) and (g) are 
IR images acquired with a cantilever with the pixel size of 5×5 µm
2
 at 1248 cm
-1
 without 
baseline correction.  (d) and (h) are IR images obtained by a commercial FT-IR spectrometer 
with the pixel size of 6.25×6.25 µm
2
 at 1248 cm
-1
 with baseline correction.  The spatial 
resolutions for each scheme were measured to be 56.8 µm and 24.4 μm. 
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using a single absorbance value at a target wavenumber at every point, while entire spectra may 
also be recorded at limited sample positions.  With this mapping scheme, the typical mapping 
duration for a sample of 90  90 μm2 area is 100 minutes.  This is long compared to a similar 
measurement with a commercial FT-IR imaging system which takes 2-15 minutes depending 
upon spectral resolution.   
We characterized the spatial resolution of our system by imaging a USAF 1951 test target 
made of SU-8.  We define the spatial resolution as the minimum gap distance between two 
rectangular bars that can be resolved at roughly the mid-point of our bandpass (1248 cm
-1
).  This 
wavenumber is not affected by water vapor and is important for imaging biological samples.  
Since the cantilever is long and narrow, we anticipated that more light is absorbed along its 
length than its width and, therefore, the resolution is different along the long and short directions 
of the cantilever.  Cantilever scanning in the width direction (perpendicular scanning direction) is 
expected to exhibit higher sensitivity than cantilever scanning in the length direction (parallel 
scanning direction) to the same spatial feature.  The optical target was scanned when the 
cantilever was oriented either parallel or perpendicular to the width axis of the bars in the target.   
Figure 5.4 shows nanotopography and IR absorbance of the SU-8 test target.  As expected, the 
perpendicular scanning direction exhibited ~2.3-fold superior spatial resolution to the parallel 
scanning direction.  The spatial resolutions were measured as 56.8 µm and 24.4 μm in the 
parallel and the perpendicular scanning directions, respectively.  Figure 5.4a and 5.4e show the  
AFM topography  (Fig. 5.4b, 5.4f) superimposed with absorbance measurements (Fig. 5.4c, 
5.4g).  These figures illustrate the location agreement between the SU-8 and highly IR absorbing 
region.  Figures 5.4d and 5.4h are IR images acquired with FT-IR imaging spectrometer 
employing 32 cm
-1
 spectral resolution and pixel size of 6.25 × 6.25 μm2 at the same wavenumber 
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and sample regions as the AFM IR imaging.  In order to minimize the optical effects in IR 
images obtained by FT-IR, baseline correction was performed [10].  Baseline correction was not 
performed for IR maps acquired with a cantilever, however, as we did not record entire spectra 
for all the data points and scattering likely affects an area smaller than the resolution achievable. 
   In the perpendicular scanning direction, the cantilever-based IR images match well with both 
AFM topography and IR images acquired from the FT-IR spectrometer.  For the parallel 
scanning case, however, the position of the features in the IR image was shifted approximately 
20 μm along the scanning direction compared with the AFM topography.  When the cantilever 
tip was positioned above the gap but close to the left bar, for example, a portion of the 
microcantilever was still located above the left bar as the scan direction was from the left to the 
 
Figure 5.5  IR images and topography for stratum corneum from engineered skin.  IR images 
were obtained using theFT-IR imaging system for (c) the area of interest and (a) the larger 
region including (c) with the pixel size of 6.25×6.25 µm
2 
at 1648 cm
-1
.  (b) The photothermal 
IR image at the area of interest was acquired employing the pixel size of 5×5 µm
2
 at 1648 cm
-
1
 without baseline correction.  For IR imaging, the cantilever was moved above the sample 
with maintaining the tip-sample distance of 2 µm. 
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right.  Thus, the cantilever bending was influenced by transmittance significantly beyond the tip, 
which in turn resulted in the shift of the features in the IR image.  The same effect can be seen 
with the right bar.  This asymmetry in the feature location can be corrected through modeling or 
with a new cantilever that is designed to have a smaller region of sensitivity. 
Using this technique, two biological samples were characterized: engineered skin and MCF-
10A cells cultured in Matrigel
TM
 extracellular matrix.  While skin has a laminar structure that is 
important for its barrier properties, the MCF-10A cells form three-dimensional acini that 
approximate structures seen in human breast tissue and are an important model system for 
cancer-related studies.  Figure 5.5a shows the IR image of a part of the stratum corneum obtained 
with the FT-IR imaging spectrometer at 32 cm
-1
 resolution and pixel size of 6.25 × 6.25 μm2 at 
1648 cm
-1 
(amide I) [6].  A small portion of the sample that included interesting spectral features 
 
Figure 5.6 IR images and topography for an MCF-10A cellular acinus.  (a) AFM topography 
superimposed with photothermal IR image could be obtained due to (b) the successful 
topography scan using the intermittent contact mode AFM.  (c) The photothermal IR image 
was acquired with the pixel size of 5×5 µm
2
 at 1648 cm
-1
 without baseline correction.  FT-
IR6  imaging system was employed to obtain (d) the absorbance image for the MCF-10A cell 
using the pixel size of 6.25×6.25 µm
2
 at 1648 cm
-1
 with baseline correction. 
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was chosen for IR mapping with our system.  Due to the strong adhesion between the sample and 
the cantilever, the cantilever was located above the sample with a fixed gap distance of 2 μm 
between the tip and the specimen surface.  Accordingly, AFM topography could not be acquired.  
Figure 5.5b shows the IR image for the same area and at the same wavenumber obtained with the 
cantilever without the base line correction.  This image is quite similar to the IR image acquired 
with FT-IR spectrometer (Fig. 5.5c).  We believe that discrepencies are due to the asymmetric 
resolution of the cantilever detector.  
For MCF-10A samples, we measured topography using standard intermittent contact mode 
AFM, and also obtained IR images using our cantilver and the FT-IR imaging spectrometer.  
Figure 5.6a is the superimposition of the IR image (Fig. 5.6c) on the AFM togography (Fig. 
5.6b).  Generally, the AFM-measured IR image compares well with the image (Fig. 5.6d) 
acquired with an FT-IR imaging spectrometer.  As above, it is apparent that discrepencies are 
due to the asymmetric resolution of the cantilever detector. 
The system described here is a simple alternative to several variants of IR mapping and 
imaging systems available.  The simplicity results in a trade-off with performance, as the IR 
imaging system has relatively coarse spectral resolution (32-64 cm
-1
) and spatial resolution 
(24.4-56.8 µm). The AFM-based structural imaging is however at the state of the art.   
This study offers several lessons for the future improvements of this approach.  First, direct 
detection of globar radiation with a microcantilever in transmission mode was shown to be 
possible and can provide local data.  Compared to PTIR or near-field detection techniques, 
samples can be more versatile.  One possible improvement would use bright narrow-band IR 
sources, e.g. a tunable IR laser can provide both higher spectral resolution and higher SNR.  The 
spatial resolution can also be optimized with the superior bimaterial cantilever designs that 
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decrease the IR absorbing area, have higher IR sensitivity (absorbance), and have low thermal 
noise.  Finally, the topographic information from AFM could be used to correct for the feature 
size and absorbance maps using numerical algorithms. 
5.4. Conclusion 
We have set up a simple imaging IR spectrometer within an AFM that is capable of combined 
micrometer-scale IR spectroscopy with standard AFM nanotopography imaging.  The detection 
mechanism in this case is absorption of radiation by the entire bimaterial cantilever, leading to 
thermally-induced deflection. Both point spectroscopy and mapping measurements were possible 
by analyzing deflections of the microcantilever integrated with a commercial AFM system.  The 
spectral characteristics of this system were evaluated  by measuring the absorbance spectra of 
PMMA, PC, and SU-8 on BaF2 substrates and found to agree with spectra recorded using an FT-
IR spectrometer.  The spatial resolution in mapping was measured for two different scanning 
directions and was influenced by the shape of the absorbing cantilever.   
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Chapter 6           
INFRARED EMISSION FROM HEATED 
MICROCANTILEVERS 
6.1 Introduction 
Silicon cantilevers with integrated solid-state resistive heaters have been used to control 
temperature and heat flow at the nanometer scale for applications such as data storage [1, 2], 
thermophysical property measurements [3, 4], nanometer scale manufacturing [5, 6], 
thermogravimetry [7, 8], and biochemical analysis [9].  An understanding of the heat transfer 
within and from the cantilever is critical to these and other applications. Most of the heat 
generated within a resistively heated cantilever flows away from the heated region by means of 
conduction within the cantilever and the surrounding environment, but not by convection or 
radiation [10-12].  Several studies have investigated radiative heat transport from cantilevers 
based on a black body or grey body assumption, and found that radiation accounts for less than 1% 
of the total heat transfer [10, 13-15].  Consequently, no published article focuses on a detailed 
analysis of thermal radiation from the heated cantilever.  However an understanding of radiation 
characteristics of cantilevers is vital to their design and use for spectroscopy.   
The emissive power of an object can be measured by using a spectrometer and a 
conventional IR detector such as a mercury-cadmium-telluride (MCT) detector.  The small 
emissive power from a miniature device such as a microcantilever, is challenging for a 
conventional IR detector.  A cantilever heating power of 10 mW corresponds to an emissive 
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power of about 100 µW [10, 13-15] which is larger than the detection limit of an MCT detector 
at 20 pW [16].  In principle, a microscale heater could be used as an IR light source for analysis 
of microscopic samples, even though a conventional spectrometer uses a centimeter-sized source 
[17-24].   
We examine thermal emission from heated microcantilevers using a spectrometer and 
sensitive MCT detector, and report thermal radiation characterization of two cantilevers with 
resistive heaters [15, 25, 26].  The measured cantilever emission is compared with models of the 
cantilever IR properties and thermal radiation from the cantilever.  Finally, we demonstrate how 
the heated cantilever can be used as a light source for IR spectroscopy.  
 
 
Figure 6.1  SEM images (left) and diagrams (right) of two silicon microcantilevers with 
integrated solid-state heaters (Scale bars, 100 m).  Cantilever A (top) has a heated surface 
area of 17  20 µm and cantilever B (bottom) has a heated surface area of 170  100 µm.  
Low-doped region serves as a resistive heating element, while high-doped region acts as an 
electrical path. 
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6.2 Experimental Methods   
We characterized two types of the silicon cantilevers with integrated resistive heaters.  
Figure 6.1a shows a scanning electron micrograph (SEM) of cantilever A with a heater of size 17 
 20 µm [25, 26].  This cantilever has two legs with length 130 µm, width 20 µm, and thickness 
600 nm.  Figure 6.1b is a diagram of cantilever A showing the distribution of dopants in the 
silicon and electrical connections.  The cantilever has a conductive area with heavy phosphorous 
doping (~10
20
 cm
-3
) and resistive area with light doping (~10
17
 cm
-3
).  Figure 6.1c and 6.1d show 
cantilever B, which has a heater of size 170  100 µm [15].  Cantilever B is 315 µm long, 100 
µm wide and ~2 µm thick [15].  The cantilever consists of heavily doped (~10
20
 cm
-3
), lightly 
 
Figure 6.2  MCT FPA images of (a) cantilever A with Pcant = 13 mW and of (b) cantilever B 
with Pcant = 54.9 mW.  MCT FPA detector response represents the emissive power integrated 
over 2.5 – 11 m wavelength region where MCT detector is sensitive.  Cantilever temperature 
and emissivity determine the emissive power amplitude.  
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doped (~10
17
 cm
-3
), and undoped  regions.  The fabrication processes of the cantilevers are 
described elsewhere [15, 25, 26].  
Each cantilever operated in a 2-resistor bridge circuit.  Cantilever A was in series with a 
10 k resistor and cantilever B was in series with a 5 k resistor.  When a voltage is applied to 
the circuit, resistive heating increases the cantilever temperature [10, 15, 25, 26], as well as the 
cantilever emissive power.  Figure 6.2 shows the emissive power distribution along the 
cantilevers, as measured by a MCT focal-plane array (FPA) detector.  The cantilever heating 
power Pcant = 15.7 mW for cantilever A and Pcant = 54.9 mW for 
 
Figure 6.3 Steady state temperatures at select locations along (a) the cantilever A and (b) the 
cantilever B measured by Raman spectroscopy thermometry technique. 
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cantilever B.  Both cantilever temperature and emissivity determine the emissive power 
amplitude, described later.  We measured the temperatures along the cantilever length using 
Raman spectroscopy, which has an uncertainty of about 1% and a spatial resolution of 1 µm [15, 
25-27].  Using this calibration, the temperature could be controlled over the range 300 – 1200 K 
for cantilever A and 300 – 900 K for cantilever B.  Here, the cantilever heating conditions were 
chosen such that the cantilever had a dominant thermal radiation wavelength in the IR spectral 
region.  Figure 6.3 shows the steady state temperature at select locations along the cantilevers as 
a function of Pcant.   
Figure 6.4 shows the experimental setup that measured the spectral power emitted by the 
heated cantilever.  A 3-axis translational stage and a CMOS camera positioned the cantilever in 
front of a Schwarzschild objective with a numerical objective of 0.71.  A concave mirror 
positioned behind the cantilever redirected the light radiating away from the set-up back towards 
 
Figure 6.4 Schematic of the measurement setup.  Not drawn to scale.  A 3-axis translational 
stage and a CMOS camera position the heated cantilever in order to focus the cantilever 
emissive power to a Schwarzschild objective.  A monochromator with a diffraction grating 
disperses the beam.  A liquid-nitrogen-cooled MCT detector converts the incoming radiation 
to currents which is then amplified by a pre-amplifier and measured by a lock-in amplifier at 
the reference frequency. 
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the objective.  A monochromator with a diffraction grating dispersed the collected light with an 
exit slit width of 740 µm providing sufficient signal to noise at a bandwidth between 32 and 64 
cm
-1
.  The diffraction grating had a line density of 200 lines/mm and blaze wavelength of 3 µm.  
A liquid-nitrogen-cooled MCT detector collected the focused monochromator output.  A pre- 
amplifier increased the detector signal by a factor of 400 followed by a lock-in amplifier to 
further increase the signal to noise ratio.  A beam chopper modulated the light at 160 Hz.  The 
lock-in amplifier recorded the output voltage from the pre-amplifier at the light chopping 
frequency over the spectral range of 2500 - 3000 cm
-1
.  A silicon carbide globar calibrated the 
optical setup and characterized the spectral efficiency as silicon carbide has nearly constant 
emissivity eSiC= 0.76 over the spectral range of 2500 - 3000 cm
-1
 [28].  During the 
characterizations of the optical setup, a heated globar at temperature 1160 K took the place of the 
cantilever. 
Several factors determine the MCT detector response, V, as described by the relation  
V = Q  R G    (6.1) 
where Q is the cantilever/globar spectral power,  is the spectral efficiency of optical 
components including the light collection efficiency of the Schwarzschild objective, R is the 
spectral responsivity of the MCT detector and G is the amplification factor of the pre-amplifier.  
The manufacturer provided R and we measured G by recording the output of the pre-amplifier 
after supplying known input voltages.  The measurements of MCT detector response with the 
globar characterized  where Q of the globar radiation was calculated based on the Planck 
function, its spectral emissivity, and the assumption that it is a diffuse emitter [28].  However,  
obtained here was not universally applicable to other measurements, since the light collection 
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efficiency of the Schwarzschild objective varied depending on the alignment between the light 
source and the objective.  To find the exact value of  for each measurement, we employed an 
amplitude fitting constant, c, to adjust the  value, which is the equivalent of changing the 
signal amplitude in order to compensate for variability in focusing.  We use a proportionality 
constant c, which is a number between 0 and 1, to fit the measured Q values with the prediction. 
To demonstrate the use of the heated cantilever as an IR source for spectroscopic 
measurements and to characterize the spectral response of the monochromator, we collected the 
absorbance spectra of two polymer films.  We acquired two sets of measurements over the 
spectral region separately with and without a film of poly(methyl methacrylate) (PMMA) or 
polystyrene (PS) sampled in front of the MCT detector.  The film thickness was 50 µm for 
PMMA and 30 µm for PS.  The absorption spectrum for each film was also acquired by the same 
setup with a globar source in place of the heated cantilever.  A commercial FTIR spectrometer 
(Spotlight 400, Perkin Elmer) was used to acquire reference spectra at 32 cm
-1
 and 64 cm
-1
 
spectral resolution.  These spectra were then compared with the cantilever-based measurements 
to identify the wavelength position and the resolution of the experimental setup. 
6.3 Theory 
  The model of spectral power emitted from the cantilever considers the Planck function, 
the dielectric function of the doped silicon at elevated temperatures, and cantilever spectral 
emissivity.  When the cantilever has a temperature distribution along its length T(x), the spectral 
power emitted from the cantilever is 
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bQ I T x e T x w x dx       (6.2) 
where Ib is blackbody intensity, e is cantilever spectral emissivity, L is the cantilever length, and 
w is the cantilever width.  
 Here we calculate the spectral emissivity for a thin layer of phosphorus-doped silicon.  
Because the doped silicon has a large free carrier density, the Drude model accurately predicts 
the optical constants in the IR spectral region [29-31].  The dielectric function is  
ε(ω) = εbl  – ωp
2
/ [ω(ω + i/s)]   (6.3) 
where ω is angular frequency,  εbl is the value of ε when ω goes to infinity, ωp is the plasma 
frequency, and s is scattering time of free electrons.  The optical constant, n + ik, is related to 
ε(ω) by the relations Re(ε) = n2 – k2 and Im(ε) = 2nk.  In order to determine s in the dielectric 
function, different scattering process is considered for different the doping density, Nd.  For the 
lightly doped silicon (Nd = 10
17
cm
-3
), the lattice scattering is important [29, 32], such that s 
varies as T 
-3.3 
and Im(ε) increases with the temperature.  For the heavily doped silicon (Nd = 
10
20
cm
-3
), the impurity scattering is dominant [30-32], such that s varies with T 
1.5
 and Im(ε) 
decreases with the temperature.  The spectral directional reflectance, r
’
, and transmittance, t
’
, of 
the silicon layer are predicted based on the assumption that the silicon layer is subject to the 
incoherent radiation and has multiple reflections [33]. 
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where ra
’
 is the spectral directional reflectance at the air-silicon layer interface, rs
’
 is the spectral 
directional reflectance at the silicon layer-air interface, and ti
’
 is the spectral directional internal 
transmissivity of the silicon layer.  The values of r
’
 and t
’
 are calculated for both s- and p-
polarized light and averaged, as the thermal radiation is expected to be randomly polarized [33].  
 
Figure 6.5 Detected MCT response due to the spectral power of (a) cantilever A and (b) 
cantilever B over the range of 2500 - 3000 cm
-1
.  Here, the detected signal due to the spectral 
power of a globar is also shown (dashed line) to show that the cantilever spectral power is not 
responsible for the maximum at 2580 cm
-1
.  (c) The MCT detector does not have maximum 
responsivity at 2580 cm
-1
, suggesting that the maximum is due to the optical efficiency of the 
measurement setup. 
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The spectral directional emissivity e’ is obtained by the relation e’= 1 - r
’
- t
’
, which is based 
on the radiative energy balance and the Kirchhoff’s law [28, 33].  The Schwarzschild objective 
accepts the light emitted at an angle 0

    45, where is the angle from the normal to the 
surface.  The emissivity is assumed to be independent of the azimuthal angle,, thus the average 
value of e’ over all possible directions of the light emission is [28] 
 
2 /4 2 /4 /4
' '
0 0 0 0 0
sin 2 sin 2 2 sin 2e e d d d d e d
    
                 (6.5)  
 
 
 
Figure 6.6 Predicted spectral reflectivity, transmissivity, and emissivity of cantilever A (top) 
and cantilever B (bottom) at the regions with low (left) and high (right) doping concentrations 
at 300 K and 1000 K.   
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6.4 Results and Discussion 
Cantilever Emissive Power  Figure 6.5a and 6.5b show the measured MCT detector 
response, V, due to the heated cantilever and globar radiation as a function of wavenumber.  As 
the cantilever heating power, Pcant, was increased, the response was also observed to increase 
with a local spectral maximum.  This maximum is also shown in the data collected with the 
globar, indicating that the spectral power is not responsible for the spectral shape but that the 
spectral shape arises from both source emission as well as optical characteristics of the 
spectrometer.  To verify this hypothesis, Fig. 6.5c shows that the MCT detector does not have a 
maximum spectral response in this region, thus we determined the local spectral maximum to be 
due to the spectral efficiency of the optical setup.  
In order to estimate the cantilever spectral power, we calculated the spectral emissivity, 
e, at regions with low and high doping concentrations for the measured temperature profiles 
shown in Fig. 6.3.  Figure 6.6 shows the calculated spectral reflectivity, transmissivity, and 
emissivity at 300 K and 1000 K.  The spectral emissivity of cantilever A ranges between 0.07 
and 0.3, while the spectral emissivity of cantilever B ranges between 0.07 and 0.6.  The 
emissivity values of both cantilevers are relatively small due to the transparent characteristic of 
silicon in mid-IR spectral region where photon energies is below the band gap (wavelength > 1.1 
m).  For both cantilevers, the spectral emissivity is larger in the heavily doped region than the 
lightly doped region due to larger free carrier absorption.  Cantilever temperature and thickness 
also affect the spectral emissivity.  Figure 6.6 shows that the spectral emissivity increases with 
the temperature in the lightly doped region and decreases with the temperature in the heavily 
doped region.  This trend occurs because the dominant scattering process has different 
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temperature dependence for each doping concentration [29-32].  At each temperature, the 
spectral emissivity is larger in cantilever B than cantilever A because larger thickness increases 
the optical path length, and decreases the spectral transmissivity.  
 Figure 6.7 shows measured and predicted spectral power, Q, emitted from both 
cantilevers for three heating powers.  The measurements of cantilever A provided c = 0.77 
(amplitude fitting constant) and the measurements of cantilever B provided c = 0.10.  The 
spectral power increased as the cantilever heating power increased.  The spectral power was on 
the order of 0.1 µW µm
-1
 sr
-1
 for cantilever A and was on the order of 1 µW µm
-1
 sr
-1
 for 
cantilever B.  The emissive power integrated over the wavelength range of 3.34 – 4 m and over 
 
Figure 6.7 Spectral powers of (a) cantilever A and (b) cantilever B for three heating powers 
that were calculated (dashed lines) and measured (symbols). 
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all directions from the cantilever was 4.2 µW for cantilever A when Pcant = 15.7 mW and was 
70.1 µW for cantilever B when Pcant = 54.9 mW.  The spectral power decreased with 
wavenumber, although the wavelength of the maximum blackbody intensity from the heater was 
calculated to be shorter than 3 µm for cantilever A and was calculated to be between 3.4 – 4.3 
µm for cantilever B.  This result indicates that the Planck distribution at the heater temperature 
does not only determine the emission spectrum of the cantilever.  The prediction showed that the 
spectral power emitted from the region in the cantilever excluding the heater area accounted for 
large portion of the total emissive power.  For cantilever A, ~70 % of the spectral power was 
emitted from the leg region in spite of its relatively low temperature, due to its large spectral 
emissivity and area.  For cantilever B, ~30 % of the spectral power was emitted from the 
cantilever area excluding the 170  100 µm region at the free end.  This characteristic has 
important implications for the design of optical setups to be used for spectroscopic 
measurements.  For example, the emission from the legs must be shielded and not allowed to 
interfere if localization from the tip is desirable. 
Cantilever Response Time  The cantilever optical power can be modulated by 
cycling the cantilever heating power, which might eliminate the need for an optical chopper.  To 
estimate the possible frequency range for optical power modulation, we measured the transient 
cantilever temperature response to a voltage step change.  This measurement identifies the time, 
H, needed for the cantilever to reach upper target temperature, TH, after heating started and the 
time, C, required for the cantilever to reach lower target temperature, TL, after the heating 
process ended.  To measure H and C, a square voltage pulse with a height of Vhigh was applied 
with a 2 V dc offset and an oscilloscope recorded the temperature-dependent electrical resistance 
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which was then referenced to the input pulse [25].  Here, H depends on TH - TL and also on Vhigh, 
while C depends only on TH - TL [25].  When Vhigh becomes larger, the cantilever can reach TH 
faster [25].  The parameters for measuring H and C were as follows.  For cantilever A, TH was 
the temperature at Pcant = 15.7 mW and TL was the temperature at Pcant = 12.3 mW.  For 
cantilever B, TH was the temperature at Pcant = 54.9 mW and TL was the temperature at Pcant = 
22.8 mW.  For each cantilever, Vhigh was 15 V larger than the voltage level needed to reach TH 
under steady state operation.  With these parameters, we observed that H = 15 µs and C = 30 µs 
for cantilever A and H = 740 µs and C = 980 µs for cantilever B.  Then, the highest modulation 
frequency, fmax, for this operation condition were calculated to be fmax = 22 kHz for cantilever A 
and fmax = 580 Hz for cantilever B by the relation fmax = 1/(H + C).  
Infrared Spectroscopy  Figure 6.8 shows the absorption spectra of PMMA and PS 
films.  We obtained the cantilever-based spectra using cantilever B with Pcant = 54.9 mW.  We 
 
Figure 6.8 Absorbance spectra of PMMA and PS films acquired by the experimental setup in 
Fig. 6.2 using the cantilever B (red) and globar (pink) as a light source.  The spectra were 
collected for the same samples by a FT-IR spectrometer with 32 (black) and 64 (blue) cm
-1
 
resolutions.  Spectra are offset for clarity.  
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chose cantilever B for this demonstration for its higher emissive power, even though cantilever A 
would have advantages for imaging with the tip.  The spectra show the characteristic vibrational 
absorption bands of each material and are comparable to the spectra acquired with the globar 
light source in the same optical setup, thus demonstrating that a heated cantilever can be used for 
spectroscopy.  A comparison with the spectra acquired by the FTIR spectrometer suggests that 
the spectral resolution of the monochromator for these measurements lies within 32 and 64 cm
-1
. 
The signal to noise ratio of the recorded data is also good, underscoring the utility of these 
sources for chemical measurements and sensitive molecular analysis.  Here the monochromator 
output bandpass determines the spectral resolution which can be calculated by the product of its 
exit slit width and the reciprocal linear dispersion of the diffraction grating [34].  Thus, 
narrowing the slit and/or employing a grating with larger linear dispersion can enhance the 
spectral resolution.  These refinements in spectral acquisition are not dependent on the 
characteristics of the cantilever.  Hence, the same setup is a generally valid one for spectroscopic 
measurements and we anticipate that the usual trade-offs will apply in spectroscopic 
measurements when other resolutions or signal to noise ratio are desirable.  
6.5 Conclusion 
This dissertation reports investigation of thermal radiation from heated microcantilevers, 
with application to spectroscopy.  In particular, we characterized the spectral power emitted by 
two silicon cantilevers with resistive heaters.  An analytical model calculated the cantilever 
spectral power, which was then validated by experimental measurements over the spectral range 
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of 2500 – 3000 cm-1.  We demonstrated the functional use of a heated cantilever as a radiation 
source for IR spectroscopy by acquiring the absorbance spectra of two polymer films.      
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Chapter 7                    
CONCLUSIONS AND FUTURE WORK 
7.1 Conclusions 
This dissertation investigated optical, thermal, and mechanical characteristics of microcantilevers 
for mid-IR detection and emission applications. The research had three main objectives: 1) 
improving the performance of bimaterial cantilever IR detectors, 2) analyzing the IR emission 
from heated cantilevers, and 3) demonstrating the use of microcantilevers for IR spectroscopy. 
 First, this work studied the dynamic thermomechanical response of bimaterial cantilevers 
to periodic heating by IR radiation. Understanding of bimaterial cantilever dynamics is important, 
because the frequency domain measurement of cantilever signal provides large signal to noise by 
excluding the noise components. Accurate model for frequency-dependent cantilever signal can 
help to optimize the cantilever operation. This dissertation developed a model that can predict 
the cantilever response to periodic IR heating based on the heat transfer to and within the 
cantilever and the bimaterial beam theory. Experiments employing two custom fabricated 
cantilevers and two commercially obtained cantilevers validated the model. This study revealed 
that the thermal time constants of bimaterial cantilevers are on the order of few microseconds. 
Moreover, the custom fabricated cantilevers, which were carefully designed to achieve high 
sensitivity, exhibited 9X or 190X sensitivity improvement compared to commercial cantilevers, 
and also had the best noise equivalent flux. 
 As a method for improving the cantilever IR sensitivity, this dissertation introduced the 
integration of photonic structures into silicon based bimaterial cantilever. First, black silicon 
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nanocone arrays were integrated into commercially available silicon-aluminum cantilevers. In 
previous works, the black silicon nanocone arrays have exhibited near perfect IR absorbance 
(>0.9) in visible and IR spectral region, when integrated into the wafer-scale silicon substrates. 
However, when the black silicon nanocones were integrated into ~1-2 m thick silicon 
cantilevers, the cantilevers had IR absorbance of 0.16 in average over 3- 10 m spectral region, 
although it could achieve < 50% improvement in IR absorbance as compared to the cantilever 
without nanocone arrays. Despite the small improvement in IR absorbance, the cantilevers with 
nanocone arrays had about 2X larger responsivity than the cantilever without nanocone arrays, 
because the nanocone fabrication process etched parts of the cantilever surface, and reduced the 
cantilever stiffness. This dissertation developed a model that can predict the IR absorbance and 
IR responsivity of the cantilevers integrated with nanocone arrays, which was validated by 
experiments. The model predicted the impact of the nanocone height on the cantilever 
absorbance and responsivity, and showed that the increase of nanocone height can improve the 
cantilever responsivity mostly based on reducing the cantilever stiffness.  
Next, this research integrated silicon high contrast grating structure (HCG) into silicon-
aluminum bimaterial cantilevers. Recently, people have shown that the grating structure with 
high refractive index contrast against surrounding medium can have a broad bandwidth of high 
reflection. Interestingly, when the grating bottom surface is coated with metal on its bottom 
surface, the reflection spectrum of the grating is inverted, and the grating can have large 
absorption at resonance wavelength. Based on this knowledge, this dissertation designed 
cantilever consisting of silicon grating and an aluminum layer which could possibly possess 
large IR absorbance in mid-IR spectral region (3 – 11m). A finite element model was 
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developed to predict the cantilever IR absorbance, and used to determine the grating parameters. 
Over the wavelength 3 – 11 m region, the fabricated cantilevers with HCG had 30% larger 
absorbance peak amplitude, 13 – 47X greater responsivity with 3 – 4X wider total IR absorbance 
bandwidth as compared to a silicon-aluminum cantilever without HCG. This work demonstrated 
that HCG can enhance the performance of bimaterial cantilever IR detectors. 
 To search for an actual application of the bimaterial cantilever IR detector, this work 
explored an imaging system that can perform both standard AFM topography imaging and 
micrometer-scale IR spectroscopic imaging. A commercial AFM was incorporated with a simple 
IR spectrometer system. In this system, a silicon-aluminum cantilever with an AFM tip could 
perform point spectroscopy, IR absorbance mapping measurement, as well as regular AFM 
topographic imaging using polymeric and biological samples. The IR spectra taken by this 
system agreed with the spectra recorded using an FTIR spectrometer. The developed system had 
spatial resolution of 24.4 m for IR absorbance mapping and spectral resolution of 25 – 125 cm-1. 
 Lastly, this dissertation analyzed the IR emission from heated cantilevers to demonstrate 
that these cantilevers could serve as rapid thermal emitters for IR spectroscopy. Two silicon 
cantilevers with integrated solid-state heaters were examined: the first one with a heater surface 
area of 17  20 m and the second one with a heater surface area of 170  100 m. An analytical 
model calculated the cantilever spectral power, which was then validated by experimental 
measurements over the spectral range of 2500 – 3000 cm-1 (or 3.3 – 4 m). The first cantilever 
had a radiative power of 4.2 W at a heating power of 15.7 mW and maximum temperature of 
1150 K, and the second cantilever had a radiative power of 70.1 W at a heating power of 54.9 
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mW and maximum temperature of 850 K. The cantilever IR emission was sufficiently large for 
obtaining IR spectrum of 50 m thick poly(methyl methacrylate) (PMMA) film. 
7.2 Future Work 
 This research can be extended to enable the use of microcantilever IR detectors and IR 
sources in our real life. As described in earlier chapters, the bimaterial cantilevers have poor IR 
absorbance (<0.2) over large portion of mid-IR spectral region which is much lower than the IR 
absorbance of other uncooled IR detectors such as microbolometers and pyroelectric IR detectors. 
Microbolometers and pyroelectric IR detectors have achieved near perfect IR absorbance (~0.9) 
through black coating or the integration of Fabry-Perot optical cavity. For bimaterial cantilevers, 
however, it is difficult to implement traditional methods to achieve perfect IR absorbance, since 
those methods have not been compatible with cantilever fabrication. Thus, alternative 
approaches are needed to improve the IR absorbance of the bimaterial cantilevers. For example, 
we can optimize the design of the cantilevers based on high contrast grating (HCG) that was 
introduced in chapter 4. The geometry of the high contrast grating (HCG) can be optimized, for 
example thicknesses of the grating and the waveguide. There are multiple grating dimensions 
critical in grating performance that, however, this dissertation has not optimized yet. In addition, 
the HCG cantilever can become polarization-independent based on the higher order dimensions 
of the grating, i.e. 2D or 3D grating structures. Another approach can be using materials with 
high extinction coefficients in mid-IR spectral region such as doped silicon or graphene for the 
bimaterial cantilever fabrication. Doped silicon is a material compatible with cantilever 
fabrication as shown in chapter 6. In addition, silicon with doping concentration of 10
20
cm
-3
 (n-
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type) has 3 – 4 orders of magnitude larger extinction coefficient in mid-IR spectral region than 
undoped silicon, which makes the doped silicon as inherently opaque to mid-IR light. Thus, the 
bimaterial cantilever made of doped silicon will show improved IR absorbance as well as IR 
responsivity as compared to cantilever made of undoped silicon.  
 The IR spectroscopic imaging system using bimaterial cantilever demonstrated its 
capability of point IR spectroscopy and IR spectroscopic mapping in chapter 5. However, 
achieved spatial resolution was 24.4 μm which is not still practical for many samples used in 
AFM. Typically, samples with sizes from few nanometers to few micrometers are analyzed in 
AFM. Therefore, for practical purpose, it is necessary to upgrade the IR spectroscopic imaging 
system in several ways. First, we can develop a bimaterial cantilever suitable for IR imaging 
with high resolution. As shown in the chapter 5, the spatial resolution in IR imaging system 
using a bimaterial cantilever depends on the size of the cantilever. The cantilever with small-
sized IR absorbing area, large IR responsivity, and low thermal noise would improve the spatial 
resolution of the system. Moreover, the topographic information from AFM could help to correct 
for the feature size and absorbance maps using numerical algorithms. 
 This research characterized IR emission from heated cantilevers, and demonstrated that 
the cantilever IR emission is measurable by a cooled IR detector in chapter 6. However, for a 
practical purpose, miniaturized IR sources are useful when uncooled IR detectors are used 
together, since they can construct small-sized IR spectroscopy systems. Thus, it will be 
interesting to measure the IR emission from heated cantilevers using uncooled IR detectors such 
as bimaterial cantilever, pyroelectric IR detector, or microbolometers. As shown in chapter 6, the 
radiative powers from the heated cantilevers are on the order of few W which are three orders 
of magnitude larger than the noise equivalent power of bimateral cantilever IR detectors. 
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Moreover, the IR emission of the heated cantilevers can be modulated at high frequency (>100 
Hz), which enables the use of high-sensitivity phase-sensitive detection with the uncooled IR 
detectors. Thus, it should be possible to measure the cantilever IR emission using uncooled IR 
detectors. This demonstration will help the development of a portable IR spectroscopic system, 
i.e. non-dispersive infrared sensor (NDIR) in a lab-on-a-chip device, employing heated 
cantilevers and uncooled IR detectors. 
  
 
 
 
 
 
